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Use of new materials, developing new structural systems, and improving construction details 
while designing bridges with longer spans has been a continuous challenge for bridge engineers 
since early times. The study of precast/prestressed concrete (PC) bridges made continuous 
started in early 1960s is one of the most popular alternatives. Continuous structure improves 
riding comfort and durability of structure, reduction in structural depth, and reserve load capacity 
under overload conditions. This research presents the state-of-the-art tool for calculating restraint 
moments in PC continuous bridge girders. The scope of this study is limited to straight slab-on-
girder bridges i.e. effects of horizontal curves or skews and bearing movements are excluded 
from the study. mRESTRAINT, the modified version of the original RESTRAINT program was 
developed to calculate restraint moments in PC continuous bridge girders with custom girder 
dimensions, with and without considering the diaphragm properties, individual strand data for up 
to up to 5-spans. Case study on a segment of Bridge #2 of John James Audubon Bridge Project 
demonstrates the new capabilities of mRESTRAINT program. A detailed parametric study is 
carried out to study the parameters that affect the restraint moment in continuous bridges. Results 
from the parametric study are used to study the effect of girder age at continuity factor in more 
depth, structural benefits from continuity, and to find a particular age of continuity based on the 
desired restraint moment value for a particular bridge configuration. These results may enhance 






Use of new materials, developing new structural systems, and improving construction 
details are some of the approaches used by bridge engineers for designing bridges with longer 
spans, which has been a continuous challenge for bridge engineers since early times. The study 
of precast/prestressed concrete (PC) bridges made continuous is started in early 1960s. Today, 
the PC slab on girder bridge superstructure is one of the most popular alternatives. The reliance 
on continuity has been a subject for debate that has not settled yet.  
Providing a continuous structure can improve durability of the structure, improved riding 
surface may decrease impact damage due to tires hitting the joints, and continuity also provides 
reserve load capacity in the event of an overload condition such as a vehicular impact or storm 
surge. Prestressed girders are usually precast of site and transported for erection thus save onsite 
construction costs and time in addition to the benefits from continuity. 
Prestressed concrete continuous bridges are built by first placing the precast/prestressed 
girders on the abutments and then casting a composite deck. Continuity is then established by 
pouring concrete between the girder ends which on hardening is referred to as diaphragm. For 
girder and slab dead load, girders behave as simple spans because girders are not connected until 
the deck and diaphragms harden. After the concrete deck and diaphragms harden, they connect 
the girders together and make the entire structure continuous for all additional loads. 
More factors need to be considered in the design and construction of continuous bridges 
as compared to simply supported bridges. One such factor is the design for a secondary 
restraining moment that can cause cracking near the bottom of the girders/continuity diaphragm 
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at the supports. Restraint moments in continuous bridges are caused by time dependent factors 
such as creep, shrinkage, and thermal gradient. 
Creep is defined as the property of any material by which it continues to deform with 
time under constant or controlled stress within the accepted elastic range. Shrinkage is the 
property of concrete to change in volume independently of sustained loads. Shrinkage of 
concrete occurs mainly as a result of water evaporated from concrete and hydration of its 
components with time. The interaction between cracking and creep of concrete leads to the 
durability of concrete and reinforced concrete structures. These time dependent factors cause 
additional deflections in a continuous structure which are restrained by the continuity diaphragm. 
The moments caused by the restraint of the end rotations by continuity diaphragm induce 
moments into the girders which should be accounted for during design. Therefore, creep and 
shrinkage effects must be taken into consideration in the calculation of deflection, stresses, and 
internal forces. 
While designing bridges with prestressed concrete beams, applied loads play an 
important role in the analysis of creep effects which are applied in early stages of the hardening 
of the concrete. Mattock (Mattock 1961) in his fifth study in the series on precast prestressed 
concrete bridges, reported an experimental and analytical investigation of the influence of creep 
of precast girders and of differential shrinkage between precast girders and cast-in-situ deck slab 
on continuity behavior. 
In addition to the secondary effects caused by creep and shrinkage, thermal effects also 
induce restraint moments. An experimental study done by the National Cooperative Highway 
Research Program (NCHRP) concluded from full-scale tests that daily temperature changes 
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cause end reactions to change as much as 20%, resulting in restraint moments as much as 2.5 
times the predicted restraint moments due to live load plus impact (Miller et al. 2004). 
1.2 Research Plan and Objectives 
The main objective of this research is to study the development of restraint moments in 
precast/prestressed continuous girder bridges. The study relies on analytical results obtained 
using a modified version of RESTRAINT an analysis tool developed as part of NCHRP Project 
12-53. Some of the limitations of the original RESTRAINT moment calculations method are 
listed below. The modifications were necessary to be able to analyze bridge configurations that 
fall outside the limitations of the original RESTRAINT analysis tool. 
1. Only equal end span lengths are allowed for symmetry. 
2. Limited section properties like girder type, strand information etc. 
3. Exclusion of diaphragm in moment calculations. 
4. Twenty year bridge life span which is much shorter than the new design life goals of 
75 years and beyond to actual life span of a bridge. 
The modifications of RESTRAINT enable the user to calculate restraint moments for 
bridges up to 5 unequal spans with and without diaphragm. It is suitable for any type of bridge 
configuration and calculates the development of restraint moment for 20000 days or more than 
50 years of bridge life. RESTRAINT Program proposed by Miller et al in 2004 has been chosen 
for suitable modifications in order to achieve the above mentioned objectives. An additional 
option to decide on the value of diaphragm stiffness will be provided to account for loss of 
stiffness due to cracking. 
Once all the desired modifications to RESTRAINT are completed, it is very vital to 
validate these modifications. In order to validate these modifications a case study has been 
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performed using the modified RESTRAINT program for a complex bridge configuration. To 
study the contribution of factors causing restraint moments, study on parameters that affect these 
factors is required. A parametric study with more detailed discussion on these parameters has 
been performed. 
 Case Study: JJA Bridge Project 
A case study was first conducted using the modified RESTRAINT program. The 
analyzed case represents an existing bridge that was currently constructed in Louisiana. Bridge 
#2 is part of the John James Audubon Bridge project which creates a new Mississippi river 
crossing between St. Francisville and New Roads. 
The designer of the design-build project adopted the NCHRP recommended detail with 
hairpin bars for positive reinforcement in the construction of the prestressed girder bridges in the 
project. This detail is different than the current Louisiana standards. This chosen segment for the 
case study uses Bulb-T girders in unsymmetrical span lengths which were not covered by 
RESTRAINT program. 
 Parametric Study 
The modified RESTRAINT program was also used to conduct a parametric study that 
covers a wide range of parameters that affect the development of restraint moments. Girder age 
at continuity, span length configurations, number of spans, diaphragm stiffness were the chosen 
variables for the study. The results were then used to understand the effects of each parameter on 
the development of the restraint moment. The results were also used to determine minimum 





1.3 Scope of Study 
This research focuses on continuity moment assessment in precast/prestressed concrete 
bridge girders. The study focuses on straight slab-on-girder bridges and does not consider the 
effects of horizontal curves or skews. The effects of bearing movements are also not covered in 
the study. 
1.4 Organization 
The thesis is organized in to 6 chapters and 1 appendix. In the first chapter, an 
introduction to prestressed concrete continuous bridge girders and the factors effecting restraint 
moment values in these bridge girders is given. Also the scope of this project, its objectives, and 
the organization of the thesis are given. 
The literature on introducing basic creep and shrinkage models for concrete structures 
and also non-linear creep models for concrete are reviewed in Chapter 2. Also the behavior of 
bridge after establishing continuity is studied by means of restraint moment developed in the 
bridge after continuity. Time dependent factors and their effects in prestressed concrete 
continuous bridge girders are also discussed in chapter 2. Finally, various experimental studies 
on continuity of prestressed concrete bridge girders are reviewed along with other factors 
influencing restraint moment values. 
A detailed discussion of all the available methods for calculating restraint moments along 
with their limitations is presented in Chapter 3. Five methods are presented, namely (1) Portland 
Cement Association (PCA) Method, (2) BRIDGERM, (3) Petermann Method (P-method), (4) 
RMCalc, and (5) RESTRAINT. 
A comparison study of all the available restraint models is done to find out that 
RESTRAINT yields more conservative results. 
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A detailed discussion of RESTRAINT program, its limitations and the modifications 
done to RESTRAINT to overcome its shortcomings and also to increase its applicability are 
given in Chapter 4. The details of the aforementioned case study and its results are also given in 
this chapter. 
Parameters used for the parametric study and restraint moment values obtained from 
various combinations of these parameters for bridge ages of 7500 days and 20000 days are 
discussed in Chapter 5. A total of 120 assumed bridge configurations are considered in the 
parametric study. The effect of each investigated parameter on restraint moment is also studied 
in this chapter. The age of continuity values for each case for absolutely no restraint moment 
value are calculated for an allowable value of final restraint moment value are also computed and 
presented. Finally, the structural benefits due to continuity are evaluated by comparing total 
moments in the analyzed bridge with and without continuity. 
The research work with conclusions and recommendations for future research is 












2. LITERATURE REVIEW 
2.1 Introduction 
During the last few decades, usage of prestressed concrete (PC) has been increasingly 
accepted in the construction industry. Civil structures using PC are susceptible to long term 
deflections mainly due to creep and shrinkage of concrete that lead to deficient structures and in 
some cases failures. To account for these deflections during design, it is very important to 
estimate the amount of creep and shrinkage in the concrete structure accurately. This led to the 
development of various creep models that predict deflections or strains in a structure due to 
different time dependent factors. 
2.2 Review of Creep Models 
Creep is defined as the property of any material by which it continues to deform with 
time under constant or controlled stress within the accepted elastic range. Deflection due to creep 
causes an additional deflection with time as opposed to an instantaneous elastic deflection 
(Michaud Marie-Claude 2000). Creep deformation of concrete is responsible for the excessive 
deflection at service loads which can compromise the performance of elements in a structure. 
Creep strain at any time consists of basic creep and drying creep. Creep is responsible for 
excessive deformations at service loads, which may result in the instability of arch or shell 
structures, cracking, creep buckling of long columns and loss of pre-stress (Bazant and Baweja 
2000). The detrimental effects of creep are more damaging to non-structural elements such as 
window frames, cladding panels and partitions (Davis and Alexander 1992). 
Shrinkage is the property of concrete to change in volume independently of sustained 
loads. Shrinkage of concrete occurs mainly as a result of water evaporating from concrete and 
hydration of its components with time. Total measured shrinkage of concrete can be classified in 
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to two categories: endogenous shrinkage and shrinkage due to drying. Parameters that influence 
creep and shrinkage include water-cement ratio, method of curing, humidity, aggregates, air 
content and construction stages. 
Prestressed concrete structures subjected to multi-axial loads show a significant increase 
in long-term strains. The reason mainly is because most of the initial design calculations are 
based on models that do not properly predict the shrinkage and creep in concrete. Under multi-
axial compressive stresses creep poisson ratio is not constant with time which becomes 
predominant for the estimation of long-term strains. 
The first creep model for concrete structures subjected to multi-axial loads takes the loads 
(Benboudjema et al. 2001) without the need for an explicit creep Poisson’s ratio. For validation 
of the model, experimental results from Gopalakrishnan et al (Gopalakrishnan et al. 1969) were 
used. The calibration and simulation also give good agreements with the test results. The model 
does not under estimate the creep strains in the uniaxial and biaxial tests. Figure 2.1 below shows 
the creep Poisson’s ratio with time and direction. 
 
 
Figure 2.1 - Evolution of the basic creep Poisson's ratio (Gopalakrishnan et al. 1969) 
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Fanourakis and Ballim (Fanourakis and Ballim 2006) reviewed the accuracy of nine 
design models for predicting creep in concrete. Assuming an additive relationship between creep 
and shrinkage, the results of shrinkage measurements were subtracted from the total time-
dependent strain to determine the total creep strain. With regard to the elastic moduli values 
predicted by each model, no correlation was found between the accuracy of the specific total 
creep and the elastic moduli in any of the models. 
The coefficient of variation of errors was used to quantify the extent to which the 
predicted specific creep values at different ages after loading. The study concluded that RILEM 
Model B3 is the most accurate for high strength concretes and CEB-FIP model (1970) is most 
accurate for all the concretes tested with coefficient of variation of 18%. 
The durability of concrete and reinforced concrete structures is due to the interaction 
between cracking and creep of concrete. Creep-cracking interaction at constant loads leads to an 
increase of damage zones and reduction of the ultimate capacity. The non-linear creep of 
concrete is a consequence of the redistribution of stresses due to creep between stronger and 
weaker zones of the material with this related increase of damage. 
Ozbolt and Reinhardt (Ozbolt and Reinhardt 2001) coupled the microplane model with 
Maxwell chain model to account for the effect of non-linear creep. The Microplane model is a 
three-dimensional macroscopic constitutive law based on relaxed kinematic constraint concept 
(Ozbolt and Reinhardt 2001). Numerical analysis was carried out to investigate the coupling of 
microplane model and Maxwell chain model. Results of the analysis indicated that the present 
model is able to predict the effects of non-linear creep. However, correct modeling of creep-
fracture interaction is possible only when the material model for concrete accounts for stress-
strain load history. 
10 
 
Control of thermal cracking in young concrete is very important to ensure durability and 
desired serviceability of a structure. The Linear Logarithmic Model (LLM) proposed by Larson 
and Jonasson (Larson and Jonasson 2003) is a flexible and robust formulation that can model the 
behavior of both young and mature concrete. LLM has model parameters with an easy to 
understand meaning in the material behavior based on piece-wise linear curves in logarithm of 
time. LLM formulation has constant creep rate in logarithmic time scale at high durations; creep 
modeled with straight lines and the increase in age given by age dependent inclinations. LLM 
formulation can be used directly in thermal stress analyses in young concrete without any 
adjustment for negative relaxation, which deals with the creep behavior of concrete. Negative 
relaxation occurs when logarithmic rate of short-term creep is less than the logarithmic rate of 
long-term creep. LLM shows very good agreement with experimental creep data and also 
estimates a more reliable development of the creep behavior in young concrete with limited test 
data. 
While designing bridges with prestressed concrete beams, creep and shrinkage effects 
must be taken into consideration in the calculation of deflection, stresses, and internal forces 
(bending moments and shear forces). Bending moments caused by shrinkage and creep effects 
are very important for the design of semi continuous joints. With increase in delay, final 
shrinkage/creep bending moments decrease (Lefebvre 2002). 
Applied loads play an important role in the analysis of creep effects which are applied in 
early stages of the hardening of the concrete. The sequence of construction has to be modeled to 
understand the effect of load cases which act only for a short period, but have significant 
influence on the behavior of the concrete bridge. The gradual construction is modeled with the 
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help of time functions (Broz and Kruis ) describing existing spans of the bridge, actual position 
of the false-work and remaining elements. 
Loading of bridges is cyclic in nature. Temperature changes are cyclic and can also 
produce tensile stresses which finally result in cracking and reduction of stiffness (ètevula and 
V tek 1998). Cast-in-situ prestressed concrete bridges usually exhibit larger long-term 
deflections than it was assumed in design and calculations. Important factors influencing these 
deflections include creep of concrete, differential shrinkage of the cross section, cracking in 
tensile zones, traffic loads, underestimated prestress losses etc. 
Bellevue and Towell (Bellevue and Towell 2004) conducted a parametric study on 
segmental bridges with and without considering creep and shrinkage effects by comparing results 
from structural analyses. All structural analyses have been carried out using TANGO and 
Dischinger’s formulation is used for creep evaluation. Results of these study indicated that, creep 
and shrinkage effects can be substantial. 
These effects induce forces and deformations that affect the internal forces on the 
structural system and govern the design of structural members. The internal forces and 
deformations for typical concrete box girder bridges (Bellevue and Towell 2004) and prestressed 
concrete structures (Lefebvre 2002) demonstrate the effects and influence of creep and 
shrinkage. 
Creep and shrinkage long-term effects combined with the specific structural behavior of 
the bridge indicate that more accurate theories and tools are included in the design and analysis 
of concrete and composite bridges. The Tstop computer model proposed by Janjic and Pircher 
(Janjic and Pircher ) allows the preparation of only one construction schedule for all repeated 
structural parts and simplifies the design and analysis process for bridges with repeated spans. 
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Cable sagging, p-delta effects, large displacements or even contact problems can be combined 
with long term effects within consistent analysis. Numerical analysis procedure proposed by 
Janjic and Pircher can satisfactorily predict long term effects for all kinds of bridges with 
reinforced concrete, pre-stressed concrete or composite sections. 
Leblanc (LeBlanc et al. 2006) performed a time dependent analysis to determine the load 
redistribution effects of creep and shrinkage and the magnitude of prestressing losses over time. 
A refined analysis using SAP2000 to determine the long-term load redistribution effects on the 
deck and girder is also done. This analysis tool uses matrix analysis and time dependent material 
properties to determine the force effects. 
Many cracks occur on the deck pavement under fatigue loads. Emergency braking, abrupt 
acceleration, going uphill or downhill causes inter-layer shear between girder and pavement. 
Inter-layer shearing stress caused by the effect of shrinkage and creep cannot be ignored (Liu et 
al. 2006). Liu et al developed a plane finite element program for the analysis of the creep effect 
which has the creep coefficient fit as an exponential function to establish the recursion equation. 
The initial strain method is used to calculate the amount of creep deformation of the main beam 
in each time interval. Stress analysis of the program concluded that, the inter-layer shearing 
stress between the deck pavement and bridge girder should be checked when the pavement is 
designed. 
2.3 Restraint Moments 
A bridge that is designed for continuity will have longer span lengths or fewer lines of 
girders, resulting in lower overall costs compared to a simple-span design (McDonagh and 
Hinkley 2003). Continuity in prestressed concrete bridges has several benefits. It provides 
redundancy for overload conditions, enhances the riding surface for vehicles, and improves the 
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durability of the bridge which may reduce construction costs by increasing span lengths or girder 
spacing (Mirmiran et al. 2001). 
During the design and construction of a continuous joint less bridge more factors should 
be considered as compared to simply supported bridges (Ma et al. 1998a). Different continuity 
methods and construction sequences will have different time dependent effects on the behavior 
of bridge system. Time dependent effects in prestressed concrete bridges include creep and 
shrinkage of concrete, relaxation of steel, and the increase of concrete strength over time 
(Mirmiran et al. 2001). Thermal effects may also cause restraint moments in the bridge. 
McDonagh and Hinkley performed analytical studies on WSDOT standard precast, 
prestressed concrete bridge girders and their design for continuity. These studies indicate that 
deeper girders with longer spans do not develop large positive restraint moments from creep and 
shrinkage effects. It is possible to design the girders for full or near-full continuity without large 
positive restraint moments, which results in significant cost savings. McDonagh and Hinkley 
(McDonagh and Hinkley 2003) concluded that: To achieve near full continuity girder age should 
be 90 days or older at the time continuity is established; The combination of shallower and 
younger girders leads to large restraint moments and significant reduction in continuity; For best 
continuity behavior, usage of deep girders such as W83G is recommended; Girder design for 
continuity should include effects of restraint moments, easily evaluated using the computer 
program RMCalc. 
Mirmiran et al (Mirmiran et al. 2001) carried out an analytical study to determine the 
performance of continuity connections for precast, prestressed concrete girders. A flexibility 
based model was developed to study the time-dependent behavior of continuity connections with 
a cast-in-place deck. The model considers different nonlinear stress-strain responses of the 
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diaphragm and the girder/deck and the change in their stiffness under time dependent effects and 
loads. The study concluded that: Time-dependent restraint moments and continuity for live loads 
are highly dependent on the girder age when continuity is established; Positive moment 
reinforcement in continuity diaphragm has a significant effect on restraint moments, when 
continuity is established at early ages; continuity behavior of the bridge is generally better when 
continuity is established at later girder ages; width of the continuity diaphragm does not have a 
significant effect on restraint moments. 
Ma et al (Ma et al. 1998a) illustrated different continuity methods and construction 
sequences that have different time dependent effects on the behavior of the bridge system. 
CREEP3 a computer program developed in 1970’s, is used in which time divided in to intervals. 
A newly developed High Strength Threaded Rod Continuity Method is proposed. 
Recommendations for achieving favorable performance of bridges made continuous are also 
presented. To investigate the time-dependent effect due to different construction sequence, three 
cases are considered depending on the time when the diaphragm and deck are cast: Diaphragm 
only, Diaphragm and Deck cast simultaneously, and Deck cast after Diaphragm. When the 
Diaphragm and Deck are cast simultaneously, negative moments develop due to creep and 
differential shrinkage. For Deck cast after Diaphragm case, a very small time-dependent positive 
restraint moment is developed. 
An experimental analysis is also done by Ma et al. Figure 2.2 and Figure 2.3 show a 
finished connection for continuity and the load application on the specimen. The experimental 
analysis concluded that placing all continuity reinforcement in the deck slab is not 
recommended; the cross-sectional area of the bottom flange is important in determining the 
maximum span length. In continuous system for live load only, if a rigid diaphragm is cast ahead 
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of deck without negative moment reinforcement the concrete beam/diaphragm joint may crack 
and spall due to deck weight. 
 
Figure 2.2 - Finished Connection (Ma et al. 1998b) 
 
Figure 2.3 - Load Application (Ma et al. 1998b) 
Peterman and Ramirez (Peterman and Ramirez 1998) carried an experimental study to 
evaluate the restraint moments generated at interior piers of bridges constructed with full-span 
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prestressed concrete form panels. It is concluded that the conventional design methods, which 
ignore cracking of the cast-in-place topping, overestimate the negative restraint moments in 
composite construction with shallow prestressed members. 
A new method named P-Method which includes provisions for cracking while calculating 
restraint moments in bridges with shallow prestressed members is proposed. The following 
recommendations are made: the design moments at service load should include the calculated 
moments due to the restraint of time-dependent effects; design service load moments due to 
superimposed loading should be calculated using cracked section properties at the diaphragm if 
restraint moments indicate cracking. 
Oesterle et al (Oesterle et al. 1989) under a National Cooperative Highway Research 
Program (NCHRP) along with Construction Technology Laboratories (CTL) performed 
analytical studies and developed a computer program called BRIDGERM, to predict time-
dependent restraint moments. The study concluded that positive moment connections are 
difficult, time-consuming and costly to install without any additional structural benefit. 
Miller et al (Miller et al. 2004) under NCHRP Project 12-53 investigated the strength, 
serviceability, and continuity of connections between precast/prestressed concrete girders made 
continuous. Once the girders are connected, they may camber upward due to effects of creep, 
shrinkage and temperature. These effects cause positive moment at the diaphragm. If no positive 
moment connection is supplied, the joint cracks and continuity may be lost. A total of six 
positive moment connections were tested as a part of the study as shown in Figure 2.4. The test 
results showed that all connection details performed adequately, and each had advantages and 
disadvantages. Since, none of the connections performed remarkably well or worse than any 








A spreadsheet program called RESTRAINT was developed to conduct parametric studies 
of the continuous system. Based on the results of this study, it was concluded that: if a positive 
moment connection is used, the connection will resist cracking at diaphragm and preserves 
continuity and the mid-span positive live-load moment in the girders will be less than in the 
simple-span case; these connections when properly designed are robust. 
Even in cases in which positive moment connections does not reduce the mid-span 
positive moments, the connections may still be useful when moments from creep and shrinkage 
of girders and deck slab, live load, and temperature effects are accounted during design. 
However, based on the results from the analytical study, providing positive moment connection 
with a capacity greater than 1.2Mcr is not efficient. 
Thus the easiest way to prevent this case of moment capacity greater than 1.2Mcr is to 
specify a minimum age of girder for continuity such that some of the creep and shrinkage in the 
girder happens before continuity is established. The literature search, surveys, and analytical 
work in their study substantiate that, girders with age greater than 90 days before continuity 













In this chapter, a detailed discussion of all the available methods for calculating restraint 
moments along with their limitations was presented. Among all the available methods, “Portland 
Cement Association (PCA) method” and “P-method” are analytical and BRIDGERM, RMCalc 
and RESTRAINT are computer based programs. While, “P-method” is intended for Cast-in-
Place concrete panels all other methods can be used for precast/prestressed continuous bridge 
girders. 
3.2 Restraint Moment Calculation 
Research effort to study precast/prestressed concrete bridges made continuous started in 
the early 1960s. The Portland Cement Association (PCA) conducted a series of investigations on 
precast prestressed concrete bridges. In a study by Mattock (Mattock 1961), an experimental and 
analytical investigation of the influence of creep of precast girders and of differential shrinkage 
between precast girders and cast-in-situ deck slab on continuity behavior was reported. 
It was found that positive restraint moments may develop at the interior support sections 
of the continuous girders, which may result in cracking at the bottom of the diaphragm at these 
sections. The developed restraint moments and the cracking if any, will affect the behavior of the 
girders at the service load level. Design recommendations were suggested for the critical girder 
sections, considering restraint moments due to long-term deformations. 
Freyermuth (Freyermuth 1969) used the results from Mattock’s studies and presented a 
complete design procedure, popularly known as PCA method for calculating restraint moments. 
In a more recent study by Oesterle et al (Oesterle et al. 1989) that was published in NCHRP 
Report 322. A computer program BRIDGERM to calculate time dependent restraint moments 
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was developed. BRIDGERM program is based on the “PCA method”, with several 
improvements including time-step analysis proposed by Construction Technology Laboratories 
(CTL) which is referred to as the “CTL method”. 
Peterman and Ramirez (Peterman and Ramirez 1998) proposed a modification to the 
restraint moment calculations by PCA and CTL methods and named it as “P-method”, intended 
for bridges with precast/prestressed concrete form panels. McDonagh and Hinkley (McDonagh 
and Hinkley 2003) introduced a new computer program RMCalc, to compute restraint moments 
using Microsoft Windows Platform. RMCalc is essentially a repackaging of BRIDGERM, with a 
Graphical User Interface (GUI) that makes it much easier to use. 
The most recent tool for restraint moment calculations was published as part of NCHRP 
Report 519 (Miller et al. 2004). The program is spreadsheet based called RESTRAINT. The 
development of RESTRAINT was part of NCHRP 12-53 project and uses both PCA and CTL 
methods with some modifications. 
All these methods for calculating restraint moments in precast/prestressed concrete 
girders made continuous are discussed. 
3.2.1 Method 1: PCA Method 
The restraint moment in a girder is a result of the sum of the moments induced by girder 
creep, Mps, and differential shrinkage, Msh. Girder creep restraint moment is a sustained 
combined effect of the moments at piers due to the prestressing force and dead load applied to 
the continuous span bridge. The construction sequence for a typical two-span bridge with 
precast/prestressed girders made continuous, and the deformations and restraint moments caused 





Figure 3.1 - Construction Sequence for a two-span bridge (Freyermuth 1969) 
 
 





The property of creep under prestress and dead load can be evaluated by an elastic 
analysis assuming that the girder and slab were cast and prestressed as a monolithic continuous 
girder. Since creep is time dependent, with more rapid deformation occurring during the early 
stages of loading, the amount of positive restraint moment induced by the prestress force 
depends on the time when the continuity connection is made, creep potential of the concrete mix, 
and volume to surface ratio of the prestressed member. 
In most design work, the basic creep value of the concrete mix for loading at 28 days can 
be predicted from elastic modulus as shown in Figure 3.3. This basic ultimate creep value must 
be adjusted to account for the age when girders are prestressed and the volume/surface ratio of 
the girders. The variation of creep with age at prestressing is shown in Figure 3.4. The 
volume/surface ratio of the AASHTO-PCI I-beams, and related volume/surface ratio creep 
correction factors are listed in Table 3.1. 
 




Figure 3.4 - Creep vs. age at loading (Freyermuth 1969) 
 




























Shrinkage of the deck slab with respect to the girder causes negative moment over piers 
that reduce the creep restraint moment. The restraint moments at piers due to shrinkage are 
calculated as if the differential shrinkage moment is applied to the continuous girder along its 
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entire length, assuming the girder behaves elastically. The differential shrinkage moment applied 
to the girder along its entire length is given by: 
2
' teAEM cddss  
Where εs – differential shrinkage strain 
           Ed – elastic modulus of deck slab concrete 
           Ad – cross-sectional area of deck slab 
           ec
'
 – centroid of composite section 
           t – slab thickness 






Where Mr – final restraint moment 
           Mp – restraint moment at a pier due to creep under prestress force 
           Md – restraint moment at a pier due to creep under dead load 
           Ms – restraint moment at a pier due to differential shrinkage between slab 
                    and girder 
           MLL – positive live load plus impact moment. 
The factors (1 – e
-φ
) and (1 – e
-φ
)/φ are multiplication factors that account for the effect of 
creep. The factor φ is the ratio of creep strain to elastic strain. Evaluation of the factor φ and ε s is 
illustrated in detail by Freyermuth (Freyermuth 1969). 
Thus the values of creep strain and differential shrinkage strain between slab and girder 
for a given time interval between castings can be obtained using the time-shrinkage relationship 
shown in Figure 3.5. 
A complete design example by Freyermuth illustrates the procedure using PCA method. 
Prior to the detailed calculations, development of general formulas for bridges with any number 
of equal or unequal spans can be made by using same procedure or any other consistent 
procedure for indeterminate structural analysis. For example, the Conjugate beam theory may be 
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used to calculate various fixed-end restraint moments and final restraint moments are then 
obtained by moment distribution. 
 
Figure 3.5 - Proportion of final shrinkage or creep vs. time (Freyermuth 1969) 
3.2.2 Method 2: BRIDGERM Program 
National Cooperative Highway Research Program (NCHRP) Project 12-29 was initiated 
in 1989 with the objective of resolving uncertainties in the prediction of positive and negative 
moments in precast prestressed bridge girders made continuous (Oesterle et al. 1989). Although 
the performance of existing bridges designed by the PCA procedure was acceptable, there was 
concern that the PCA method may not accurately predict the true behavior of these structures. 
Since the PCA research was completed over twenty years prior to the NCHRP 12-29 
study, there were significant advancements in the understanding of time-dependent effects, 
namely creep and shrinkage in concrete. Furthermore, improvements in computing prestress 
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losses became available as a result of research effort after the development of the PCA method. 
These advancements allowed for a more refined analysis of prestressed bridge girders made 
continuous. 
The problem of predicting complete time-dependent response of a continuous prestressed 
concrete bridge is very complex. It depends on time-dependent properties of materials, geometry 
of the structure, amount of prestressing, methods and sequences of prestressing and construction, 
loading arrangement and age at loading. Various computer programs use step-by-step procedures 
to calculate prestress losses and deformation due to loading, creep, shrinkage, and steel 
relaxation. 
A computer program was developed by Oesterle et al (Oesterle et al. 1989) as an 
improved method for calculating restraint moments at redundant supports of bridges constructed 
of precast, prestressed girders. The program was named BRIDGERM. BRIDGERM calculates 
restraint moments at supports of typical spans in continuous bridges constructed of precast, 
prestressed concrete girders and cast-in-place concrete deck. 
BRIDGERM was developed based on the PCA restraint moment calculation procedure 
with modifications to improve the analysis. The program carries out an incremental time-step 
solution with the capability to output the complete time-history of the restraint moments rather 
than just calculate one restraint moment at a particular age. 
BRIDGERM adopts time-dependent material properties for concrete using ACI-209 
recommendations. These include separate time-dependent functions for girder concrete creep, 
deck concrete and girder concrete shrinkage, and time-dependent functions for the strength and 
stiffness of deck concrete. The prestressing force is determined as a function of time using the 
PCI Prestress losses (Tadros et al. 1975) calculated at each time-step. The restraining effects of 
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reinforcement on deck shrinkage are also considered. BRIDGERM allows the modeling of 
continuity diaphragms using double supports at intermediate piers as shown in Figure 3.6, 




Figure 3.6 - Simplified Bridge Model for BRIDGERM Analysis (Oesterle et al. 1989) 
 
The analysis in BRIDGERM is conducted by superimposing restraint moment increments 
calculated over a series of time intervals. In general, the girder age at which continuity is 
established and the age at which the deck is in place should be assumed to be the same unless it 
is specifically known that there is a difference of several days. Prestress losses are calculated by 
the program from the day of prestress release until continuity is established. After continuity is 
established, strand stress increases because of the superimposed deck load. Restraint moments 
are then calculated for a series of time increments. 
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BRIDGERM is often referred to as the CTL Method for restraint moment calculations. It 
was initially written in Data General FORTRAN 77 and implemented on CTL’s Data General 
MV10000 Computer. The program was then recompiled using Microsoft FORTRAN for use on 
IBM PC compatible with MS-DOS 3.XX. Details of data input and output, analysis assumptions, 
capabilities, and limitations of program BRIDGERM are discussed below. 
Program BRIDGERM is divided into seven steps as follows: 
1. Input data from girder, strand, material properties, and timing. 
2. Determine time steps for incremental analysis. 
3. Calculate geometric properties of non-composite and composite cross sections. 
4. Compute prestress losses up to transfer of prestress. 
5. Compute prestress losses up to the age at which continuity is established. 
6. Calculate restraint moments. 
7. Output results. 
3.2.2.1 Step 1 – Data Input 
The program input is designed either to be given interactively through keyboard input or 
through an input file. Each problem requires nine lines of input data. All data must be input as 
the program will not assign default values even if zeroes are entered. Input values must 
correspond to the variable type, either integer or real. Required dimensions for I, T and box-
girder sections are shown in Figure 3.7. 
3.2.2.2 Step 2 – Determine Time Steps 
Time steps used in the restraint moment analysis procedure are established internally using input 
values for girder age at which continuity is established and a predetermined sequence of times 
with successively increasing time increments. TIR is used in prestress loss calculation from 
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transfer of prestress to continuity with the age at which continuity is established as the final 
value. Calculation of restraint moments from continuity to the last time entered using a vector TI. 
 
Figure 3.7 - Dimensions to Define Girder Cross-Section (Oesterle et al. 1989) 
3.2.2.3 Step 3 – Calculate Section Properties 
Geometric properties were determined for the girder (non-composite) and girder/slab 
(composite) sections. In calculation of composite section properties, a transformed deck-girder 
section is considered. Transformed area of strand and reinforcement are neglected. Deck cross-
sectional area is equal to the girder spacing times the deck thickness. 
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3.2.2.4 Step 4 – Prestress Losses up to Transfer 
Prestress losses due to steel relaxation before transfer and elastic shortening of the girder 
at transfer are calculated in this step. Relaxation loss is calculated using equations from PCI 
Prestress Losses (Tadros et al. 1975) and loss due to elastic shortening of the girder at transfer is 
calculated with the prestress force reduced by relaxation loss. The girder concrete modulus of 
elasticity at transfer is computed as per AASHTO specifications. 
3.2.2.5 Step 5 – Prestress losses up to Age of Continuity 
Prestress losses due to concrete creep and shrinkage and steel relaxation are calculated. 
For losses due to creep and shrinkage, slight changes were made to the PCI procedure (Tadros et 
al. 1975).  In PCI procedure, ultimate creep coefficient is derived from specific creep, with creep 
strain multiplied by steel modulus of elasticity but in the program it is multiplied by the modular 
ratio between steel and concrete. The amount of shrinkage over each step is calculated from the 
ACI-209 recommended time curve for shrinkage rather than from the values in PCI procedure. 
3.2.2.6 Step 6 – Calculate Restraint Moments 
Restraint moments are calculated using simplified analysis model shown in Figure 3.6 for 
three typical spans as shown in Figure 3.8. Exterior span restraint moments at the first support 
are calculated in variable RME. For the first interior span, restraint moments are calculated at the 
supports in variables RMIL and RMIR. Restraint moment RMII is calculated for the supports of 
an interior span which is adjacent to two interior spans. These moments are adjusted, if 
necessary, to account for the effect of the adjacent span when uplift conditions occur. It is 
assumed that uplift conditions occur when the reactions at first interior support become negative. 
Under uplift conditions, the model is modified by including the full length of the adjacent span 




Figure 3.8 - Restraint Moments Calculated in BRIDGERM (Oesterle et al. 1989) 
These values are calculated by an incremental approach in which the restraint moments 
due to creep caused by prestressing forces, Mp
´
, dead load, Md
´
, and differential shrinkage 
between deck slab and girder, Ms
´





calculated using the same procedure in PCA method and Ms
’















 – differential shrinkage moment occurring over time increment, Ti – Ti-1 
Δεs – shrinkage strain difference in deck and girder over time increment 
Edi – elastic modulus of deck concrete at time i 
Eg – elastic modulus of girder concrete 
Ad – cross-sectional area of deck slab 
Ag – cross-sectional area of girder 
ec
'
 – centroid of composite section 
t – slab thickness 
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The above equation is similar to that used in PCA method, with modifications for use in 
incremental time-step procedure and an additional reduction factor to account for the restraining 
effect due to prestress in deck slab on shrinkage. In determining deck shrinkage strain, the 
ultimate shrinkage strain is reduced by Dischinger effect factor (Dischinger 1939) to account for 
the restraint from reinforcing steel within the deck. Then the final restraint moment is calculated 
using the equation in PCA method. 
RME is applicable to bridges of two spans or more, RMIL and RMIR are applicable to 
bridges with three spans or more, and RMII is applicable to bridges with five spans or more. 
RMII, RMIL, and RMIR are equal until uplift conditions prevail because it is assumed during 
analysis that all spans are equal in length. 
3.2.2.7 Step 7 – Output Results 
The program outputs values for RME, RMIL, RMIR and RMII at user-selected times. 
Additional information which may be output include: strand stress in psi separately up to age of 
continuity and after age of continuity for exterior spans and interior spans respectively. A more 
detailed illustration of the program and the code for this program can be found in NCHRP 322 
report. The report also includes an example with output for better understanding of the program. 
3.2.3 Method 3: Using RMCalc Program 
RMCalc is a computer program developed by McDonagh and Hinkley (McDonagh and 
Hinkley 2003) for use in MS-Windows operating system to compute restraint moments in 
precast prestressed concrete girder bridges constructed with continuous spans. RMCalc was 
developed using MS Visual Basic and uses the same algorithms as BRIDGERM. In other words, 




Thus requires the same input and produces identical results, albeit in a much easier way 
to user. In addition to restraint moment calculations, RMCalc includes a Microsoft Excel 
spreadsheet to assist the engineer in determining the input criteria. The spreadsheet computes 
ultimate creep and shrinkage coefficients according to ACI 209R-92. The original version of 
RMCalc was program released in January 2002. Three more versions were released with added 
features and error fixes to the program since then. 
The current version of RMCalc, Ver. 2.2.2 was released in February 2005 to work with 
current version of Washington Bridge Foundation Libraries (WBFL). RMCalc is released under 
an open source license. More information about the software and the software can be 
downloaded from internet at http://www.wsdot.wa.gov/eesc/bridge/software/. 
3.2.4 Method 4: P-Method 
Peterman and Ramirez (Peterman and Ramirez 1998) carried an experimental 
investigation to evaluate the restraint moments generated at interior piers of bridges constructed 
with full-span prestressed concrete panels. These moments result from the restraint of time-
dependent deformations after adjacent spans are made continuous through a composite cast-in-
place (CIP) concrete topping. The full-span simply supported panels support their own weight, 
the weight of composite topping, and construction loads. 
These panels act compositely with the CIP topping, and the panel reinforcement serves as 
the positive moment reinforcement for superimposed loads. Mild steel reinforcement is placed in 
the CIP topping over the piers to handle negative moments in the continuous structure. Restraint 
moments were calculated using both PCA method and CTL method (with the program 
BRIDGERM). Both these methods are dependent on the ultimate shrinkage and creep 
coefficients of the concrete and on the relationship of shrinkage and creep with time. 
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It was concluded that both these methods for continuous prestressed concrete girders 
considerably overestimate the negative restraint moment and ignore the effect of cracking of the 
cast-in-place topping in the calculation of restraint moments. A new method for calculating 
restraint moments in bridges with full-span prestressed concrete form panels caused by restraint 
of time-dependent deformations and cracking of cast-in-place concrete topping is proposed by 
Peterman (Peterman and Ramirez 1998) and is named the “P-Method”. 
The proposed method is a modified restraint moment calculation method accounting for 
the length and stiffness of the diaphragm, different initiation times for creep, and the restraint of 


















Where εs – differential shrinkage strain 
           Ed – elastic modulus of CIP deck 
           Ad – area of CIP deck 
           Ep – modulus of elasticity of precast panels 
           Ap – area of precast panels 
           Es – modulus of elasticity of steel reinforcement in CIP deck 
           As – area of steel reinforcement in CIP deck 
           ec
'
 – centroid of composite section 
           t – slab thickness 
 
The above equation is similar to that used in PCA method, with additional factors to 
account for restraint by the precast member and reinforcement in the CIP slab. Using structural 
analysis fundamentals, the restraint moment at the center pier of a two-span, symmetric bridge 
can be calculated using the following equation, which accounts for creep causing effects 
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Where Mr – final restraint moment 
Mp – moment caused by prestressing force about centroid of composite                                 
member 
           (Md)precast – midspan moment due to dead load of precast panels 
           (Md)CIP – midspan moment due to dead load of CIP topping 
           Ms – differential shrinkage moment adjusted for restraint of precast panels and 
steel reinforcement 
           Φ1 – creep coefficient for creep effects initiating when prestress force is 
transferred to precast panels 
           Φ2 – creep coefficient for creep effects initiating when CIP topping is cast 
           Δ(1 – e
-Φ
1) – change in expression (1 – e
-Φ
1) occurring from time CIP    topping is 
cast to time corresponding to restraint moment calculation 
















            Id – moment of inertia of diaphragm region 
            Ld – length of diaphragm region 
            Im – moment of inertia of main spans 
            Lm – length of main spans 
The coefficient α appears in each term of the equation and could be factored out to 
produce a simpler expression. However, the authors prefer to write the equation in this manner 
because the multiplier of each term will not be constant for unsymmetrical two-span bridges or 
bridges with more than two spans. 
Creep due to weight of the precast panels and the eccentric prestress begins when the 
prestress force is transferred to panels and the terms related to these parameters utilize the creep 
coefficient Φ1. Creep due to weight of the CIP topping and differential shrinkage initiates when 
the structure is made continuous and the terms related to these parameters utilize the creep 
coefficient Φ2. The different coefficients (Φ1 and Φ2) are necessary to reflect the different 
concrete ages associated with each creep causing effect. 
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The effect of cracking is modeled by checking the moment obtained from above equation 
with calculated cracking moment at that section. If the calculated moment exceeds the cracking 
moment, the restraint moments are recalculated using a new value for α that accounts for the 
reduced stiffness at the cracked section (diaphragm). Once cracking occurs, all subsequent 
calculations are based on the new value of α. 
To evaluate the restraint moments in bridges constructed with full-span prestressed 
concrete panels, two bridges each with two spans were fabricated and tested. Restraint moments 
from laboratory tests, PCA method, CTL method, and P-Method for the two bridge specimens 
(Bridges 1 and 2) are shown in Figure 3.9 and Figure 3.10. For more information about 
fabrication, test setup and details about the experimental program can be found in Peterman and 
Ramirez paper (Peterman and Ramirez 1998). 
Based on the test results, it is concluded that both the PCA and CTL methods 
considerably overestimate the negative moments due to restraint of time-dependent deformations 
while the P-method is more accurate in predicting these restraint moments. The restraint 
moments in each test bridge decreased during the initial loading due to additional cracking at 
diaphragm. Thus, design service load moments due to superimposed loading should be 
calculated using cracked section properties at the diaphragm in calculation of restraint moments. 
3.3 RESTRAINT Program by NCHRP 
The authors of NCHRP Report 322 concluded that positive moment connections for 
precast/prestressed girders made continuous were costly and provide no structural benefit based 
on the fact that the positive moment connection restrains the girder ends. The effects of these 
restraint moments must be accounted for during design by adding them to the live-load moments. 
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However, once the girders are made continuous they may camber upward due to creep, shrinkage 
and temperature effects. 
 
 
Figure 3.9 - Restraint moments from Laboratory Tests, PCA, CTL and P-Methods (Bridge 1)           




Figure 3.10 - Restraint moments from Laboratory Tests, PCA, CTL and P-Methods (Bridge 2)         
(Peterman and Ramirez 1998) 
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Miller et al (Miller et al. 2004) as part of their NCHRP Project 12-53 further investigated 
the strength, serviceability, and continuity of connections between precast/prestressed concrete 
girders made continuous. Time dependent moments were measured at the connection by 
evaluating the change in center support reactions. To accomplish this task, an analytical model 
was created. This analytical model was later used to conduct parametric studies on the 
continuous system with different moment connections. 
This model, a modernized version of BRIDGERM was named RESTRAINT and works 
within a standard spreadsheet program. The program was initially developed to model a two-
span continuous structure. The support conditions assume that there is a support at each end of 
the girder as shown in Figure 3.11 which is also content with the support condition used in 
BRIDGERM. 
 
Figure 3.11 - RESTRAINT Model (Miller et al. 2004) 
RESTRAINT uses flexibility-based analysis by discretizing the span and the diaphragm 
in to several elements. A flexibility-based tool has been developed by Mirmiran et al (Mirmiran 
et al. 2001) to predict the time-dependent response of precast/prestressed concrete girders made 
continuous. This tool takes into account the creep and shrinkage effects, prestress losses, age at 
loading, and construction sequence. 
The non-linear stress-strain response of materials and the change in the stiffness of the 
members caused by time-dependent effects are also considered. Time-dependent effects in 
prestressed concrete bridges include creep and shrinkage of concrete, relaxation of steel, and the 
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increase of concrete strength over time. Creep of concrete results from the sustained load of 
prestressing and the dead weight of the bridge in the form of deformations which will be 
restrained at the continuity connections. 
Creep due to prestress causes positive restraint moments making the girders to camber up 
while creep due to dead loads cause negative restraint moments. Shrinkage is the reduction of 
concrete volume due to loss of moisture and the most significant effect of shrinkage in 
continuous bridges is differential shrinkage. Differential shrinkage occurs because of the 
difference in type and age of girder and deck concrete and typically causes a downward 
deflection. 
Before using RESTRAINT moment-curvature relationships by any convenient method 
(hand calculations, computer program, finite element analysis, or experimental data) are 
developed for the cross-section and these data are then input into the spreadsheet. With the basic 
information the program calculates the internal moments that would result from creep of the 
prestressed girder and shrinkage of the girder and deck. Creep and shrinkage strains are found 
from the relationships given in ACI-209 report. 
The program also accounts for loss of prestressing force using the method given in the 
PCI handbook. In the span, shrinkage of the deck and girder is assumed to be uniform, while 
creep caused by dead load plus prestressing force is assumed to be parabolic. The program 
allows the time the diaphragm and deck are cast to be different. At the diaphragm there is no 
prestressing, so the creep is 0. Since the slab and diaphragm are usually cast together, the 
differential shrinkage between them is assumed to be 0. 
The time the diaphragm and the deck are cast as input into RESTRAINT, assuming that 
release of the pretensioning force is time = 0 (this can be different time based on the age of the 
40 
 
girder; however, the reference is made to the time after the release of post-tensioning).  Basic 
material properties are also input. Once the internal moments are known, the program adds the 
dead-load moments, and the continuity moments are then added to other moments for calculating 
final restraint moments. 
A detailed description of the RETSRAINT program is given in chapter 4, which 
discusses the required input prior to calculations, calculations within the program, display of 
results and output in the program, and modifications done to the program. 
3.4 Summary 
In this chapter, all the available restraint moment calculation methods are discussed in 
detail with the goal of identifying their ability to predict the restraint moment in prestressed 
concrete continuous bridge girders. Some of the limitations in all these methods are discussed 
below. Though, time dependent factors creep and shrinkage are accounted for in the moment 
equations, another factor temperature is not considered in any of the methods in their 
calculations. All the methods assume either equal span lengths for all bridge spans or equal end 
spans for symmetry and also use the same prestressing strand data for all spans irrespective of 
their span length.  
The effect of diaphragm length and stiffness are also not included in any of the methods. 
While BRIDGERM and RMCalc uses double supports in between spans, RESTRAINT Program 
allows the user to input the distance between adjacent supports but doesn’t use it in any of its 
calculations. Although “P-method” accounts for the effect of diaphragm and its stiffness in its 
calculations, this method intended for Cast-in-Place Concrete Panels is not applicable to 





















4. MODIFIED RESTRAINT PROGRAM 
4.1 Introduction 
This chapter presents a detailed discussion of the RESTRAINT computer program, its 
limitations and the modifications carried out in this research to overcome its shortcomings and 
also to increase its applicability. Before modifying the program, a comparison of the available 
restraint models is done to find out that RESTRAINT yields more conservative results. After 
completing all the desired modifications to RESTRAINT, a case study was analyzed using the 
modified version, mRESTRAINT. A recently constructed bridge was chosen for the study. 
4.2 Comparison of Restraint Models 
The primary idea of comparing restraint moment calculating methods/models is to select 
the most recent restraint moment calculation approach. These modifications also include the 
limitations from previously proposed methods that were discussed in chapter 3. Restraint 
moments calculated using PCA method, RMCalc program, and RESTRAINT program are 
compared for a given bridge configuration.  
A two span bridge with equal span lengths is assumed for the comparison. Along with the 
span lengths, girder type, initial prestressing strand stress, diaphragm length, prestressing strand 
diameter, number of prestressing strands, girder spacing, and deck thickness were assumed. 
These assumed values for all variables are listed in Table 4.1. In addition to these values, it was 
assumed that all prestressing strands were straight (i.e. no draped strands) with the centroid of 
3in. The type of prestressing strands was assumed to be a low-relaxation and the prestress 
transfer was done after 24 hours of placing the girders. 
Restraint moments were calculated manually at regular time intervals for the PCA 
method. For RMCalc and RESTRAINT programs, restraint moments are calculated by inputting 
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the above assumed values. After obtaining restraint moments from all methods, these moments 
are plotted against age of girder as shown in the Figure 4.1 below with Age of girder on x-axis 
and restraint moment values on y-axis. 
Table 4.1 – Assumed Input Values for Comparing Restraint Models 
Type of Section AASHTO Type – VI 
Span Length (ft) 70 
Girder Spacing (ft) 8.0 
Deck Thickness (in) 7.5 
Initial Strand Stress (psi) 202500 
Girder Compressive Strength (psi) 5000 at transfer; 6000 at 28 days 
Deck Compressive Strength (psi) 4000 
No. of Strands 20 
Strand Diameter (in) 0.5 
Age of Continuity (Days) 90 
Unit Weight of Concrete (pcf) 150 
Creep Coefficient 2.3 
Ultimate Shrinakge 600µ 
Relative Humidity 50% 
 
From Figure 4.1, it can be observed that the results from RMCalc are more consistent 
with the expected behavior than PCA method predictions. This may be due to the enhancements 
introduced in RMCalc such as incremental time step analysis that were not included in the PCA 
method. Similarly, RESTRAINT shows a trend similar to RMCalc. It should be noted that the 
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restraint moment values of PCA method increase constantly as opposed to both RMCalc and 
RESTRAINT programs. The reason for this trend is, PCA method calculates restraint moment 
values for a particular age of girder rather than using an incremental analysis as is the case in the 
other methods. As a result, differential shrinkage value in PCA method increases instead of 
decreasing with time thus makes the final restraint moment value more negative. 
In this study, it was decided to choose RESTRAINT as the analysis tool since it reflects 
the latest advancements in calculating restraint moments. Even though, RESTRAINT is the most 
recent model for predicting restraint moments it has some inherent assumptions and 
approximations. These approximations limit the applicability of RESTRAINT and thus 


















Figure 4.1 - Restraint Moment Values vs. Age of Girder 
 
4.3 Limitations of RESTRAINT Program 




1. Only equal span lengths for end spans are allowed for symmetry. 
2. AASHTO Type I – VI are the only supported sections. 
3. Only one strand configuration is allowed for all spans irrespective of their span-
lengths. 
4. Same value of loss due to elastic shortening in used for all spans. 
5. Exclusion of diaphragm and its stiffness in moment calculations as only one support 
is assumed at each bent. 
6. Restraint moment calculations are performed only up to 20 years of bridge age which 
is practically shorter than the expected life span of most bridges. 
7. Effect of temperature gradient is not considered. 
4.4 Modifications of RESTRAINT Program 
The main objective of this research is to propose an approach for calculating the restraint 
moment in a precast/prestressed continuous girder bridge without limitations such as the 
aforementioned ones in the previous section. The new approach to calculate restraint moment is 
proposed for bridges up to 5 unequal spans. The modified RESTRAINT program allows 
modeling the diaphragm as a small link between adjacent spans. The proposed approach will be 
suitable for any type of bridge configuration (span length and girder properties) and calculates 
moment for more than 50 years of bridge life. An additional option to decide on the value of 
diaphragm stiffness is provided to account for cracking. 
RESTRAINT Program (Miller et al. 2004) was chosen to achieve the above mentioned 
objective. All the modifications done to RESTRAINT are divided in to three groups for clarity. 




4.4.1 Stage I – Modifications in Input 
This stage discusses the changes made to the program’s input interface. In order to 
calculate restraint moments for unequal spans with or without diaphragm, more textboxes should 
be provided to the “Input data form” depending on the number of spans as shown in the Figure 
A-1 (Appendix A). After the data is input, it was passed to the corresponding spreadsheet 
variables for moment calculation purposes. 
As shown in Figure A-1, the textbox containing the input for girder type has been 
changed from AASHTO Type I through VI to I for I-section and B for Box-section. Once the 
user inputs the desired section and all other required input on that form, the program proceeds to 
a new from with provision for entering girder cross-section dimensions. Figure A-2 shows the 
input form for I-section dimensions and the program also has similar form for Box-section 
dimensions. These forms are not present in the original RESTRAINT program, and are intended 
to allow the user to analyze a much wider range of girder cross section. 
Since, the program is being modified for bridges with up to five unequal spans changes 
also had to be made for strand data input. In the modified RESTRAINT, the user is allowed to 
input different strand configuration for each span. Figure A-3 shows the modified “Strand data 
form”, which allows for up to 5-span bridges depending on the number of spans that is given as 
input in the beginning using “Number spans form” as shown in Figure A-4. 
Modifications are done to “Number spans form” as well such that it allows the user to 
include the effect of diaphragm or not. This attribute is not available in the original RESTRAINT 
and is provided to use the effect of diaphragm in calculations if the user needs to consider the 
effect of diaphragm in the analysis. This is achieved by adding a text box as shown in Figure A-
4, which allows the user to include or exclude the diaphragm. 
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If the user chooses to include the effect of diaphragm in the calculations, a new from has 
been introduced to input the length of diaphragm and the moment of inertia of the diaphragm, Id, 
as a ratio of the girder’s moment of inertia, Ig. This form named as “Diaphragm Length” can be 
seen in Figure A-5. 
Once the user inputs the diaphragm length and its stiffness, a new form named as “Strand 
data Diaphragm” is added to the program. The main idea of introducing this form is to include 
prestressing strand information used for diaphragm if any such that it will be used during 
calculations. This form is shown in Figure A-6 is similar to strand data form shown in Figure A-
4 with only one span strand data input feature. 
In addition to all the aforementioned modifications and additions, the “Time data” form 
was also modified. The “Time data” form in mRESTRAINT allows the user to input the age of 
continuity from a dropdown list of values as opposed to any value in RESTRAINT. Though this 
restricts mRESTRAINT program from using some unconventional values, this change was made 
to ensure the accuracy of the calculations. This is due to the fact that since the program calculates 
restraint moment for up to 20000 days of bridge age, it is very complicated to perform the 
calculations for every day up to 20000 days. Thus convenient time intervals are assumed in 
dividing these 20000 days. Now, if the age of continuity value is not exactly any one of the 
assumed time intervals then the “added stress due to deck dead-load” is not included in the 
calculations which results in erroneous restraint moment values. 
Thus to account for this inaccuracy, the textbox corresponding to the age of continuity 
values is confined to dropdown list. Also if the user desires to input a value which is not present 
in the dropdown list, it can be achieved by simply adding the corresponding value to the 
spreadsheet in which the calculations will take place. By doing so, the program was written in a 
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way that it automatically reflects in the dropdown list in the “Time data” form which fixes the 
problem. This change done to the form can be seen in Figure A-7. 
4.4.2 Stage II – Modifications in Analysis Calculations 
All the spreadsheets were modified to accommodate the additional input changes to the 
program and also additional spreadsheets are added to differentiate between the bridge spans 
with diaphragm and without diaphragm. For example, spreadsheet named “4spanswd” contains 
all the input and calculations corresponding to a 4-span bridge with diaphragm. Similarly, 
“5spans” contains all the input and calculations corresponding to a 5-span bridge without 
diaphragm. The modified sheets were adjusted to accommodate all the additional input in various 
forms like “Input Data”, “Strand Data”, “Strand Data Diaphragm”, “Diaphragm Length”, and 
“Number Spans”. All these values in each spreadsheet are used during calculations to reflect the 
user’s input. 
Girder dimensions required for calculating girder section properties such as moment of 
inertia are redirected from input to the corresponding spreadsheet automatically as opposed to 
selecting from tabulated values within the spreadsheet. Because of the addition of more girder 
dimension variables during input, more rows were added in the spreadsheet to accommodate for 
the new variables of a general. 
Changes were also done to the prestress loss calculations until transfer that include loss 
due elastic shortening and loss due to steel relaxation. In RESTRAINT, loss due to elastic 
shortening value from first exterior span length is used for all other spans irrespective of their 
span lengths. This approximation was corrected in mRESTRAINT such that elastic shortening 
loss is calculated for each span length to obtain results that reflect actual conditions of the bridge. 
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Because of unsymmetrical span lengths and diaphragm, sufficient modifications had to be 
made to each spreadsheet such that dead-load moments are calculated for individual span 
lengths. Similarly, prestress losses due to creep, shrinkage, and relaxation for each time step are 
calculated based on symmetry. Now with unequal span lengths, the number of times these 
prestress losses will be calculated in any spreadsheet corresponds to the number of spans in that 
bridge. 
If the user includes the effect of diaphragm in calculations, all the above steps except 
prestress loss calculations until transfer are repeated with diaphragm as an individual span. 
Prestress losses until transfer are excluded because of no additional prestressing to the 
diaphragm. Also the calculations for diaphragm are inserted at each continuity joint so that, the 
diaphragm acts as a span by itself and yields two continuity points at each joint. The same 
approach is used in the program until the calculation of final restraint moments. 
After calculating time dependent prestress losses up to 20000days of girder age, final 
restraint moments, which are a summation of creep due to prestress, creep due to dead load, and 
differential shrinkage moments are calculated for each span. The final moments are calculated 
using the conjugate beam theory. This theory uses slope-deflection approach for each span and is 
calculated in the form of ML/EI where M is moment due to prestress, L is span length, E is 
girder concrete modulus of elasticity, and I is girder moment of inertia. These slopes at the end 
of each span are obtained from calculations for each time step, i.e. girder age, and the 
coefficients for each slope are obtained for shrinkage, dead load, and prestress using a moment 
distribution table provided with in the spreadsheet. The table already present in RESTRAINT 
was used for equal or symmetric spans. In mRESTRAINT this approximation was eliminated by 
modifying the calculations in the sheets to accommodate additional spans and diaphragm. The 
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moment distribution table outputs distributed moments for shrinkage, dead load, and prestress 
effects separately because of the different loading conditions (uniformly distributed load for dead 
loads). 
The modifications were included by creating additional columns with appropriate 
moment distribution factors for individual spans and also for diaphragms if the user chooses to 
include them. The moment value for all three factors shrinkage, dead load, and prestress for 
diaphragm is assumed to be zero because, the diaphragm is not prestressed and spans a small 
distance typically between 1 and 2 feet. Furthermore, the diaphragm is poured monotlithically 
with the deck, and hence, no differential shrinkage is to be accounted for. 
The moment distribution coefficients from this table are then used in calculating the final 
restraint moments in each spreadsheet. Even though, the same conjugate theory for moment 
distribution holds good for shrinkage and dead load even for unequal spans with and without 
diaphragm, the moment distribution for prestress had to be fixed to make it suitable for unequal 
spans and the presence of diaphragm. 
In order to fix the moment distribution for prestress, a VBA module named “Moment 
Distribution” was written and integrated in the program for each span case and each spreadsheet. 
Resorting to a VBA module instead of a simple sheet was deemed necessary because of the 
complexity of the calculations. This module takes all the required input for calculating the fixed 
end restraint moments including slopes from the corresponding spreadsheet. The resulting values 
are then passed to the moment distribution table. 
Finally, all the calculations are completed for the time step in the spreadsheet and the 
final distributed moment is taken by the module to multiply it with the moment multiplying 
factor and put the final restraint moment in the corresponding time step in the spreadsheet. This 
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process is repeated in a loop for all time steps and the final restraint moment value of creep due 
to prestress is added to other restraint moment values caused by creep due to dead load and 
differential shrinkage. 
Once all the final restraint moment values for all three factors are available, the program 
calculates final restraint moment value at each continuity joint. If the user chooses to include the 
diaphragm in the calculations, each continuity joint will have two restraint moment values and 
for a bridge with 5 spans a total of 8 restraint moment values are output from the program. But 
practically, a 5 span bridge will have a maximum of 4 continuity joints and thus only 4 restraint 
moment values should be output. The maximum value of the two restraint moment values at each 
continuity joint is chosen as the critical value such that the joint can be designed for the case that 
produces higher tension values at the girder bottom flanges.  
4.4.3 Stage III – Modifications in Output 
After completing all the desired modifications during input and calculation stages, the 
following modifications were done to the program output. As shown in Figure A-8, 
RESTRAINT has a maximum of two restraint moment values as output even for a 5-span bridge. 
This is because RESTRAINT assumes equal end span lengths, thus the end restraint moments at 
continuity joints are symmetrical. 
Since mRESTRAINT allows unequal span lengths restraint moment values at continuity 
joints may not symmetric, thus more textboxes are added to the “output” form to output all the 
restraint moment values at all continuity joints corresponding to the number of spans as shown in 
Figure A-8. Changes are also made to “chart module” macro such that it plots restraint moment 
values at all continuity joints as shown in Figure A-9. 
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Also spreadsheet named “print” in the program is modified to show the modified input 
and also the final restraint moments at corresponding continuity joints with all time intervals.  
4.5 Validation of mRESTRAINT – JJA Bridge Case Study 
Before relying on the modified program, mRESTRAINT, in any analyses, it was 
necessary to validate the modifications described in the previous sections. A suitable bridge 
configuration had to be assumed such that it can validate all the modifications done to the 
program. Instead of assuming such a bridge configuration, a complex bridge configuration from 
an ongoing and the most challenging John James Audubon Bridge Project is chosen for the 
study. It should be noted that due to the lack of actual results, this study cannot be considered a 
full pledged validation study, but rather a check of the quality of the obtained results. 
4.5.1 Bridge Configuration 
Once all the desired modifications are completed for the proposed method, restraint 
moment for Bridge #2 of the John James Audubon Bridge project is calculated. In this 59 span 
bridge that crosses a railway track, a 242ft segment is chosen for that purpose. This 242ft long 
segment is a three span continuous superstructure with skewed configuration and the following 
details. Figure 4.2 shows one of the two bents supporting the continuity diaphragm of the 
analyzed bridge segment. The bridge supports a clear roadway width of 38 feet on five 
prestressed BT-72 girders, spaced at 8.25-inch. The 7.5-inch reinforced concrete deck was 
monolithically cast with the continuity diaphragm joining adjacent girders. The Louisiana 
Department of Transportation and Development (LA-DOTD) is adopting the recommended 
detail with hairpin bars for positive reinforcement in the construction of the new John James 
Audubon Bridge crossing the Mississippi River in Saint Franciseville, LA. This detail is different 




Figure 4.2 – Skewed Bent #24 of the analyzed Bridge #2 segment 
Figure 4.3 below shows the plan view of JJA Bridge and Figure 4.4 shows the different 
prestressing strand patterns used. The strand patterns vary based on the span length with the 
largest span having 20 strands and the smallest span with 14 strands for this 242ft segment. This 
segment was chosen because of its skewed configuration, Bulb-T girders, unsymmetrical span 
lengths, and diaphragm stiffness which were beyond the capabilities of the original RESTRAINT 
program. 
4.5.2 Input Parameters 
Along with the span lengths, analysis of restraint moment requires the input of other 
information such as type of girder, initial prestressing strand stress, diaphragm length, 
prestressing strand diameter, number of prestressing strands, girder spacing, and deck thickness. 




Figure 4.3 – Plan View of analyzed Bridge #2 segment 
 
 




Table 4.2 – Input parameters for Case Study 
Parameter Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 
Girder Section AASHTO Type BT-72 











Girder Spacing (ft) 8.25 
Deck Thickness (in) 7.5 
Initial Strand Stress (psi) 202765 
Girder Comp. Strength (psi) 6000 at transfer; 9754 at 28 days 
Deck Comp. Strength (psi) 6591 
No. of Strands 18-20-14 18-20-14 18-20-18 14-20-18 14-20-18 
Strand Diameter (in) 0.6 
Diaphragm Span-length (ft) 1.42 
Diaphragm Stiffness Ratio 1.0 
Age at Continuity (days) 153 (June 18, 2008 – November 18, 2008) 
 
In addition to these values, an additional dead load of 25psf is included to account for the 
weight of parapet and hand railing. No draped strands exist in the bridge and the centroid of 
straight strands was taken based on the number of strands. The type of prestress strand used is 
low-relaxation and the prestress force was transferred 24 hours after pouring the girders’ 
concrete. Girder and deck unit weight is assumed as 150pcf, girder ultimate creep coefficient is 




4.5.3 Calculation of Restraint Moments 
It should be noted that only 3 girder lines were analyzed since the properties of Girder 1 
and Girder 5 are identical in reverse span length order. Similarly, Girder 2 and Girder 4 are 
identical. The above values are input in the program to calculate restraint moment in each girder 
after establishing continuity. All these restraint moment values are plotted as shown below with 





























Restraining Moments in 3 span Continuous Girder
at first interior support
at second interior support
 
Figure 4.5.1 – Restraint Moments for Girder 1 (Age of continuity = 153 days) 
 
Because of a fabrication error, Girder 5 was rejected and had to be replaced. Due to this 
delay in the erection of Girder 5, the age of girder when continuity is being established is 
different from other girders. The age of Girder 5 at the time of continuity was 101 days and thus 
the above calculated restraint moment is no longer valid. Using the same input values with age of 
continuity as 101 days, restraint moment for girder 5 is calculated again using the same program 






























Restraining Moments in 3 span Continuous Girder
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Restraining Moments in 3 span Continuous Girder
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Restraining Moments in 3 span Continuous Girder
at f irst interior support
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Restraining Moments in 3 span Continuous Girder
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Restraining Moments in 3 span Continuous Girder
at first interior support
at second interior support
 
Figure 4.5.6 – Restraint Moments for Girder 5 (Age of continuity = 101 days) 
 
4.5.4 Observations from Case Study 
From the plots corresponding to girder 5 for different ages of continuity, it can be 
observed that the difference between restraint moments developed in the girder with age of 
continuity at 101 days to the girder with age of continuity at 153 days is positive. Since, the final 
restraint moment is a sum of creep due to prestress, creep due to dead load, and differential 
shrinkage. The reason for positive difference in moment is because of the creep due to prestress 
in the girder. Differential shrinkage causes negative moment whereas creep due to prestress and 
dead load cause positive moment. 
If continuity is established at an early girder age, not much of the shrinkage in the girder 
is lost. Thus, after continuity the difference in shrinkage between the girder and deck is small. 
This results in lesser negative restraint moments in early ages after continuity which is opposite 
when continuity is established at later ages of girder. Though creep due to dead load is present it 
is not significant enough to balance negative moment due to differential shrinkage. 
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Creep due to prestress develops in both girder and deck gradually over the age of girder 
while shrinkage decreases gradually. Since, creep due to prestress cause positive moment it starts 
balancing the negative moment due to differential shrinkage in the continuous girder. If the 
moment because of creep due to prestress is higher than differential shrinkage in the girder, final 
restraint moment values will be positive otherwise negative. Thus it can be observed that, 
positive difference in restraint moment values in girder 5 with age of continuity established at 
101 days and 153 days is due to more creep developed in the girder. 
4.6 Summary 
Restraint moments from PCA method, RMCalc program, and RESTRAINT program 
were calculated for a simple 2-span continuous bridge as shown in Figure 4.1. It was concluded 
that RESTRAINT the most recent model to predict the restraint moment in prestressed concrete 
continuous bridge girders will be used for further development. Some of the limitations of 
RESTRAINT include symmetric span lengths, limited girder properties and strand properties, 
excluding diaphragm and temperature effects during calculations etc. 
mRESTRAINT program calculates restraint moments in precast/prestressed concrete 
continuous bridge girders up to 5-spans with and without diaphragm. mRESTRAINT also has 
provision for custom girder dimensions, individual strand data for each span, modified moment 
distribution table, new approach in performing creep due to prestress moment values etc. 
Restraint moments for a 242ft segment in Bridge #2 of John James Audubon Bridge 
Project were calculated using mRESTRAINT program to validate the modifications done to the 
program. From the study it is observed that, positive difference in restraint moment values for 
girder 5 with age of continuity established at 101 days and 153 days is due to more creep 
developed in the girder and less differential shrinkage. 
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5. ANALYSIS AND RESULTS 
5.1 Introduction 
This chapter presents a detailed discussion of a parametric study that was conducted to 
investigate restraint moment values from various combinations of major parameters that affect 
restraint moment values for bridge girder ages of 7500 days and 20000 days. The contribution of 
various parameters involved in restraint moment is also studied in this chapter. Results from the 
parametric study were used to determine the age of continuity values for each case such that 
restraint moment does not exceed acceptable values. Adhering to the calculated girder ages 
before continuity is established, the restraint moment would be equal to the acceptable value. 
Several acceptable moment values were considered with the objective of limiting stress levels in 
the diaphragm and girder ends. Finally, the structural benefits due to the introduction of 
continuity are evaluated by comparing total moments from simply supported and continuous 
bridges of similar span lengths for SERVICE III and STRENGTH I limit states. 
5.2 Parameters 
Restraint moment in prestressed concrete continuous bridges using modified restraint 
moment program can be calculated for bridges of up to 5-spans with and without diaphragm 
using mRESTRAINT program. This parametric study, however, is limited to 2-span and 3-span 
bridges as configurations with more spans are repetitive and do not largely affect restraint 
moment values. The parameters considered in this study were: 
1. Span lengths ratio 
a) 2-span bridges (L1:L2) – 1:1; 0.75:1; 0.50:1 
b) 3-span bridges (L1:L2:L3) – 1:1:1; 1:1.5:1; 1:2:1 
2. Ratio of diaphragm-to-girder (Id/Ig) stiffness – 1.0; 0.50; 0.25; 0.125; 0.05 
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3. Girder Age at continuity – 28 days; 60 days; 90 days; 180 days 
Ratio of diaphragm stiffness is the value corresponding to the ratio of diaphragm stiffness 
to girder stiffness. The case with ratio of diaphragm stiffness equal to zero corresponds to the 
case without diaphragm i.e. simple span construction. Age of continuity is the age of the bridge 
girders when deck and diaphragm are poured. 
Table 5.1 - Assumed Parameter values for Parametric Study 
Parameter  
No. of Spans (2) 2–Spans (2S) 3–Spans (3S) 
Span Lengths 
Ratio (3) 
























Girder Age at 
Continuity (4) 
28 days              
(28C) 
60 days        
(60C) 
90 days        
(90C) 
180 days    
(180C) 
 
Table 5.1 lists the details of values considered for each parameter. The table also provides 
the designation for each case in parenthesis. These designations are used for further reference 
and easy identification throughout this thesis. For example, 2S-0.75R-1D-90C is identified as a 
case with two spans of 0.75:1 span length ratios with diaphragm stiffness equal to girder stiffness 
and continuity established at a girder age of 90 days. Similarly, 3S-1R-0.25D-28C is denoted as a 
case with three spans of equal span length ratios with diaphragm stiffness equal to 25% of girder 
stiffness and continuity at a girder age of 28 days. 
A total of 120 cases come up from all the parameters assumed, with 60 cases for 2–spans 
and 60 cases 3–spans. These 60 cases for each number of spans are a result of all the 
combinations resulting from 3 span length ratios, 5 stiffness ratios, and 4 ages of continuity. 
Table 5.2 lists the values for each of the aforementioned parameters that were considered in this 
study. It should be noted that the span lengths and girder spacing were first chosen. Then, girder 
types and prestressing strand configurations were determined using available design aids. 
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Table 5.2 - Input Values for Parametric Study 
Parameter 2-Span Case 3-Span Case 
Type of Section AASHTO Type – III; III; IV AASHTO Type – III; IV; V 
Span Length (ft) 70,70;66,88;50,100 70,70,70;62,93,62;60,120,60 
Girder Spacing (ft) 8 8 
Deck Thickness (in) 7.5 7.5 
Initial Strand Stress (psi) 202765 202765 
Girder Compressive Strength (psi) 8000 8000 
Deck Compressive Strength (psi) 4000 4000 
No. of Strands 16; 18; 20 16; 18; 22 
Strand Diameter (in) 0.6 0.6 
Diaphragm Span-length (ft) 2 2 
 
5.3 Results from Parametric Study 
For the input values listed in Table 5.2, the restraint moment was calculated for up to 
20000 days of girder age after establishing continuity using mRESTRAINT for all the 120 cases 
identified for the parametric study. All these restraint moment values are plotted for 
combinations of span length ratios, stiffness ratios, and age of continuity as shown below with 
girder age on the horizontal axis and the restraint moment values on the vertical axis. Figure 5.1 
shows a typical plot of the results from a group of bridges in the parametric study. 
In Figure 5.1, the abscissa denotes the girder age while the ordinate represents the 
restraint moment value in kip-ft. Four plots are shown for a group of 2-span bridges, with a span 
length ratio L1/L2 = 0.75 and a diaphragm stiffness Id/Ig = 0.5. The difference between the 




































































Figure 5.2 - Restraint Moment vs. Age of Continuity for 3-Span Bridge 
 
Figure 5.2 is another typical plot for a group of bridges with 3-spans. The span length 
ratio for this group was 2.0 and diaphragm stiffness was assumed to be equal to that of the girder. 
Again, the difference between the plots is the girder age at continuity. 
All the plots corresponding to each case of the parameters are shown in Figures 5.3 
through 5.5 for 2-span cases and Figures 5.6 through 5.8 for 3-span cases. 
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5.3.1 Effect of Age of Continuity (2-Spans) 
Figures 5.3(a) – 5.3(o) show the restraint moment values plotted to study the age of 
continuity parameter. Figure 5.3(a) shows the restraint moment values of a 2-span bridge with 
equal span lengths and ratio of diaphragm to girder stiffness equal to 1.0. Similarly, Figure 5.3(b) 
shows the restraint moment values of a 2-span bridge with span-length ratio equal to 0.75 and 
ratio of diaphragm to girder stiffness equal to 1.0 and Figure 5.3(c) shows the restraint moment 
values of a 2-span bridge with span-length ratio equal to 0.5 and ratio of diaphragm to girder 
stiffness equal to 1.0. 
Likewise, Figures 5.3(d) – 5.3(f) are plotted for the restraint moment values of a 2-span 
bridge with ratio of diaphragm to girder stiffness equal to 0.5 and span-length ratios equal to 1.0, 
0.75 and 0.5 respectively. Figures 5.3(g) – 5.3(i) are plotted to present the restraint moment 
values of a 2-span bridge with ratio of diaphragm to girder stiffness equal to 0.25 and span-
length ratios equal to 1.00, 0.75 and 0.50 respectively. Figures 5.3(j) – 5.3(l) present the restraint 
moment values of a 2-span bridge with ratio of diaphragm to girder stiffness equal to 0.125 and 
Figures 5.3(m)-5.3(o) present the restraint moment values of a 2-span bridge with ratio of 
diaphragm to girder stiffness equal to 0.05. 
It can be seen from above figures that, higher positive restraint moment values are a 
result of the early age of girder when continuity is established. Similarly, lower negative restraint 
moment values are because continuity is established at later ages. Thus, magnitude of the 
restraint moment values is directly affected by girder age when continuity is established. For 
example, if the age of girders when continuity established is 180 days, results show that the 





























































































































































































(c) L1 = 0.5*L2 and Idia = Ig (f) L1 = 0.5*L2 and Idia = 0.5*Ig 


















































































































































































































































































































(o) L1 = 0.5*L2 and Idia = 0.05*Ig 
 
Conversely, if the age of girder at continuity established is 28 days then the magnitude of 
final restraint moment value was found to be positive. Furthermore, the magnitude of final 
restraint moment values when continuity is established at the age of 60 days and 90 days can be 
positive or negative depending on the bridge configuration. Likewise, depending on the desired 
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magnitude of the final restraint moment value age of girder at which continuity should be 
established can be studied. Based on the assumptions for this study, age of continuity values for 
desired restraint moment values are discussed in detail in the later parts of this chapter. 
5.3.2 Effect of Span Length Ratio (2-Spans) 
Figures 5.4(a) – 5.4(t) show the restraint moment values plotted to study the ratio of 
span-length parameter. Figure 5.4(a) shows the restraint moment values of a 2-span bridge with 
ratio of diaphragm to girder stiffness equal to 1.0 and continuity established at the age of 180 
days. Similarly, Figure 5.4(b) shows the restraint moment values of a 2-span bridge with ratio of 
diaphragm to girder stiffness equal to 1.0 and continuity established at the age of 90 days. 
Figure 5.4(c) shows the restraint moment values of a 2-span bridge with ratio of 
diaphragm to girder stiffness equal to 1.0 and continuity established at the age of 60 days, and 
Figure 5.4(d) shows the restraint moment values of a 2-span bridge with ratio of diaphragm to 
girder stiffness equal to 1 and continuity established at the age of 28 days. 
Likewise, Figures 5.4(e) – 5.4(h) are plotted for the restraint moment values of a 2-span 
bridge with ratio of diaphragm to girder stiffness equal to 0.5 and continuity established at the 
ages equal to 180, 90, 60, and 28 days respectively. Figures 5.4(i) – 5.4(l) are plotted to present 
the restraint moment values of a 2-span bridge with ratio of diaphragm to girder stiffness equal to 
0.25 and continuity established at the ages equal to 180, 90, 60, and 28 days respectively. 
For the same age of continuity values of 180, 90, 60, and 28 days, Figures 5.4(m) – 5.4(p) 
present the restraint moment values of a 2-span bridge with ratio of diaphragm to girder stiffness 
equal to 0.125 and Figures 5.4(q)-5.4(t) present the restraint moment values of a 2-span bridge 
































































































































































































































(d) Age = 28 days and Idia = Ig (h) Age = 28 days and Idia = 0.5*Ig 































































































































































































































































































































































(t) Age = 28 days and Idia = 0.05Ig 
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It can be seen from the plots in Figure 5.4 that, higher positive restraint moment values 
are a result of the combination of short and long span-lengths, and early age of girder when 
continuity is established. Similarly, lower negative restraint moment values are also because of 
the same combination with continuity established at later ages. Thus, magnitude of the restraint 
moment value increases with asymmetry of the ratio of span-lengths. For example, the difference 
in magnitude of final restraint moment value for equal spans to span-length ratio of 0.5:1 is twice 
the difference in magnitude for equal spans to span-length ratio of 0.75:1 when continuity is 
established at 90 days of girder age. 
Similarly, the difference decreases with increase in age of continuity for the same span-
length ratio and increases with decrease in age of continuity. Similarly, the magnitude of final 
restraint moment values can be positive and negative depending on the span-lengths ratio and 
also on the bridge configuration. 
5.3.3 Effect of Diaphragm Stiffness Ratio (2-Spans) 
Figures 5.5(a) – 5.5(l) show the restraint moment values plotted to study the diaphragm 
stiffness ratio parameter. Figure 5.5(a) shows the restraint moment values of a 2-span bridge with 
equal span lengths and age of continuity established at 180 days of girder age. Similarly, Figures 
5.5(b) and 5.5(c) show the restraint moment values of a 2-span bridge with span-length ratio 
equal to 0.75 and 0.50 respectively for the same age of continuity (180 days). 
Likewise for the same span-length ratios of 1.00, 0.75 and 0.50, Figures 5.5(d) – 5.5(f) 
are plotted for the restraint moment values of a 2-span bridge with age of continuity established 
at 90 days, Figures 5.5(g) – 5.5(i) present the restraint moment values of a 2-span bridge with 
age of continuity established at 60 days, and Figures 5.3(j) – 5.3(l) present the restraint moment 


































































































































































































(c) L1 = 0.5*L2 and Age = 180 days (f) L1 = 0.5*L2 and Age = 90 days 



















































































































































































































5.3.4 Effect of Age of Continuity (3-Spans) 
Figures 5.6(a) – 5.6(o) show the restraint moment values plotted to study the age of 
continuity parameter. Figure 5.6(a) shows the restraint moment values of a 3-span bridge with 
equal span lengths and ratio of diaphragm to girder stiffness equal to 1.0. Similarly, Figure 5.6(b) 
shows the restraint moment values of a 3-span bridge with span-length ratio equal to 1:1.5:1 and 
ratio of diaphragm to girder stiffness equal to 1.0 and Figure 5.6(c) shows the restraint moment 
values of a 3-span bridge with span-length ratio equal to 1:2:1 and ratio of diaphragm to girder 
stiffness equal to 1.0. 
Likewise, Figures 5.6(d) – 5.6(f) are plotted for the restraint moment values of a 3-span 
bridge with ratio of diaphragm to girder stiffness equal to 0.5 and span-length ratios equal to 
1:1:1, 1:1.5:1 and 1:2:1 respectively. Figures 5.6(g) – 5.6(i) are plotted to present the restraint 
moment values of a 3-span bridge with ratio of diaphragm to girder stiffness equal to 0.25 and 
span-length ratios equal to 1:1:1, 1:1.5:1 and 1:2:1 respectively. 
For the same span-length ratios of 1:1:1, 1:1.5:1 and 1:2:1, Figures 5.6(j) – 5.6(l) present 
the restraint moment values of a 3-span bridge with ratio of diaphragm to girder stiffness equal to 
0.125 and Figures 5.6(m)-5.6(o) present the restraint moment values of a 3-span bridge with ratio 
of diaphragm to girder stiffness equal to 0.05. 
It can be seen from above figures that, higher positive restraint moment values are a 
result of the early age of girder when continuity is established. Similarly, lower negative restraint 
moment values are because continuity is established at later ages. Thus, magnitude of the 
restraint moment values is directly affected by the girder age when continuity is established. For 
example, if the age of girders when continuity is 180 days, results show that the magnitude of 


















































































































































































(c) L2 = 2*L1 = 2*L3 and Idia = Ig (f) L2 = 2*L1 = 2*L3 and Idia = 0.5*Ig 































































































































































































































































































(o) L2 = 2*L1 = 2*L3 and Idia = 0.05*Ig 
 
Conversely, if the age of girder at continuity is 28 days then the magnitude of final 
restraint moment value was found to be positive. Furthermore, the magnitude of final restraint 
moment values when continuity is established at the age of 60 days and 90 days can be positive 
or negative depending on the bridge configuration. Likewise, depending on the desired 
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magnitude of the final restraint moment value age of girder at which continuity should be 
established can be studied. Based on the assumptions for this study, age of continuity values for 
desired restraint moment values are discussed in detail in the later parts of this chapter. 
5.3.5 Effect of Span Length Ratio (3-Spans) 
Figures 5.7(a) – 5.7(t) show the restraint moment values plotted to study the ratio of 
span-lengths parameter. Figure 5.7(a) shows the restraint moment values of a 3-span bridge with 
ratio of diaphragm to girder stiffness equal to 1.0 and continuity established at the age of 180 
days. Similarly, Figure 5.7(b) shows the restraint moment values of a 3-span bridge with ratio of 
diaphragm to girder stiffness equal to 1.0 and continuity established at the age of 90 days. 
Figure 5.7(c) shows the restraint moment values of a 3-span bridge with ratio of 
diaphragm to girder stiffness equal to 1.0 and continuity established at the age of 60 days, and 
Figure 5.7(d) shows the restraint moment values of a 3-span bridge with ratio of diaphragm to 
girder stiffness equal to 1 and continuity established at the age of 28 days. 
Likewise, Figures 5.7(e) – 5.7(h) are plotted for the restraint moment values of a 3-span 
bridge with ratio of diaphragm to girder stiffness equal to 0.5 and continuity established at the 
ages equal to 180, 90, 60, and 28 days respectively. Figures 5.7(i) – 5.7(l) are plotted to present 
the restraint moment values of a 3-span bridge with ratio of diaphragm to girder stiffness equal to 
0.25 and continuity established at the ages equal to 180, 90, 60, and 28 days respectively. 
For the same age of continuity values of 180, 90, 60, and 28 days, Figures 5.7(m) – 5.7(p) 
present the restraint moment values of a 3-span bridge with ratio of diaphragm to girder stiffness 
equal to 0.125 and Figures 5.7(q)-5.7(t) present the restraint moment values of a 3-span bridge 








































































































































































































































(d) Age = 28 days and Idia = Ig (h) Age = 28 days and Idia = 0.5*Ig 




































































































































































































































(l) Age = 28 days and Idia = 0.25*Ig (p) Age = 28 days and Idia = 0.125*Ig 
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(t) Age = 28 days and Idia = 0.05Ig 
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It can be seen from plots in Figure 5.7 that, higher positive restraint moment values are a 
result of the combination of short and long span-lengths, and early age of girder when continuity 
is established. Similarly, lower negative restraint moment values are also because of the same 
combination with continuity established at later ages. Thus, magnitude of the restraint moment 
value increases with asymmetry of the ratio of span-lengths. For example, the difference in 
magnitude of final restraint moment value for equal spans to span-length ratio of 1:2:1 is 
significantly higher in magnitude for equal spans to span-length ratio of 1:1.5:1 when continuity 
is established at 90 days of girder age. 
Similarly, the difference decreases with increase in age of continuity for the same span-
length ratio and increases with decrease in age of continuity. Similarly, the magnitude of final 
restraint moment values can be positive and negative depending on the span-lengths ratio and 
also on the bridge configuration. 
5.3.6 Effect of Diaphragm Stiffness Ratio (3-Spans) 
Figures 5.8(a) – 5.8(l) show the restraint moment values plotted to study the diaphragm 
stiffness ratio parameter. Figure 5.8(a) shows the restraint moment values of a 3-span bridge with 
equal span lengths and age of continuity established at 180 days of girder age. Similarly, Figure 
5.8(b) and 5.8(c) shows the restraint moment values of a 3-span bridge with span-length ratio 
equal to 1:1.5:1 and 1:2:1 respectively for the same age of continuity (180 days). 
For the same span-length ratios of 1:1:1, 1:1.5:1 and 1:2:1, Figures 5.8(d) – 5.8(f) are 
plotted for the restraint moment values of a 3-span bridge with age of continuity established at 90 
days, Figures 5.8(g) – 5.8(i) present the restraint moment values of a 3-span bridge with age of 
continuity established at 60 days, and Figures 5.8(j) – 5.8(l) present the restraint moment values 



























































































































































































(c) L2 = 2*L1 = 2*L3 and Age = 180 days (f) L2 = 2*L1 = 2*L3 and Age = 90 days 














































































































































































































5.4 Target Age at Continuity 
From the study above, it is clear that age of continuity is very important in determining 
restraint moment in a continuous bridge girder. Although the study is conducted with required 
assumptions for the bridge configuration, it is evident that age of continuity plays a major role in 
the final restraint moment value of continuous bridges. Both 2-span and 3-span bridge cases in 
above study resulted in higher positive restraint moment values when continuity is established at 
early ages of bridge girder and higher negative restraint moment values when continuity is 
established at later ages. 
Thus, the above study is extended to investigate the affect of the age of continuity factor 
in detail in continuous bridges and also to suggest an approach to find a target age of continuity, 
which ensures that a desired restraint moment value will not be exceeded. To determine the 
target age, restraint moment values are first calculated at different ages of continuity using 
MRESTRAINT program. The allowable restraint moment value is then determined as a 
percentage of the girder cracking moment. 
The age of continuity corresponding to a certain allowable restraint moment value is 
calculated using excel spreadsheet. As an example for all the cases above, the restraint moment 
values at girder age of 20000 days for 3-Span cases with diaphragm stiffness ratio equal to 1.0 
were taken to find the age at continuity such that no positive restraint moment creeps up in the 
girder as shown in the Figure 5.9. The resulting target age at continuity are determined to be 107, 
106, and 135 days for cases 3S-1R-1D, 3S-1.5R-1D, and 3S-2R-1D respectively. 
The values of restraint moment on the vertical axis are plotted for age of continuity 
parameter (28 days, 60 days, 90 days, and 180 days) on the horizontal axis for different span-
length ratios. These plots were used to find the age at continuity for no moment due to restraint 
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exist in the girder or for an acceptable restraint moment value in the girder during design for both 
7500 days and 20000 days of bridge age. All the plots presented below in Figures 5.10 and 5.11 


























Age at Continuity (Days)  
Figure 5.9 - Restraint Moment vs. Target Age at Continuity for 3-Span Bridge (20000 days) 
Figure 5.10(a) presents 2-span bridge case with ratio of diaphragm to girder stiffness 
equal to 1.0. Similarly, Figure 5.10(b) presents 2-span bridge case with ratio of diaphragm to 
girder stiffness equal to 0.5; Figure 5.10(c) presents 2-span bridge case with ratio of diaphragm 
to girder stiffness equal to 0.25; Figure 5.10(d) presents 2-span bridge case with ratio of 
diaphragm to girder stiffness equal to 0.125; Figure 5.10(e) presents 2-span bridge case with 
ratio of diaphragm to girder stiffness equal to 0.05 respectively. 
Figure 5.11(a) presents 3-span bridge case with ratio of diaphragm to girder stiffness 
equal to 1.0. Similarly, Figure 5.11(b) presents 3-span bridge case with ratio of diaphragm to 
girder stiffness equal to 0.5; Figure 5.11(c) presents 3-span bridge case with ratio of diaphragm 
to girder stiffness equal to 0.25; Figure 5.11(d) presents 3-span bridge case with ratio of 
diaphragm to girder stiffness equal to 0.125; Figure 5.11(e) presents 3-span bridge case with 

















































Age at Continuity (Days)  
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Age at Continuity (Days)  
(e) Idia = 0.05*Ig 


















































Age at Continuity (Days)  















































Age at Continuity (Days)  




























Age at Continuity (Days)  
(e) Idia = 0.05*Ig 
Figure 5.11 - Restraint Moment vs. Age at Continuity for 3-Span Bridge Cases (20000 days) 
 
The age of continuity values for above plots can be seen in Table 5.3 and Table 5.4 with 
column reading 0.0 for both 20000 days and 7500 days for 2-spans case and 3-spans case 
respectively. Considering this case as, allowable restraint moment value equal 0% cracking 
moment this study was further extended to different percentages such as 5%, 10%, 25%, and 
50% to study the variation of age of continuity as shown below. 
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5.4.1 Cracking Moment 
As described above restraint moment values at girder ages of 7500 days and 20000 days 
were taken to calculate different ages at continuity for different restraint moment values as a 
function of the cracking moment of the corresponding girder. Cracking moment (Mcr) is 
calculated using the following equation: 
 
Where, fr – Modulus of rupture 
 Ig – Moment of inertia of the girder 
 Pe – Presressing force 
 Ag – Area of the girder 
 yt – distance from neutral axis to the top of the girder. 
 e – eccentricity 
Effective prestress value is calculated at a transfer length of 4in. from the girder end and 
the rate of prestress transfer is assumed to be linear for each case (Nilson 1987) as shown in the 
Figure 5.12: 
 
Figure 5.12 - Transfer Length 
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The transfer length (lt) of the girder is calculated using the following equation: 
 
Where, db – diameter of prestress srand 
 fpe – effective pretsress 
5.5 Target Age at Continuity Results 
Ages at continuity for corresponding girder age of 20000 days and 7500 days for an 
allowable positive restraint moment value equal to 0, 0.05, 0.10, 0.25, and 0.50 of the cracking 
moment value of the corresponding girder are calculated. These ages at continuity are tabulated 
as shown in Table 5.3 and Table 5.4. Plots of these values are shown in Figure 5.13 and Figure 
5.14 for each case along with their mean values for all the different cases put together. Figure 
5.13 shows the values for both 2-spans and 3-spans up to 7500 days of bridge age and Figure 
5.14 shows the values up to 20000 days of bridge age. 
Similarly, target age at continuity values for an allowable positive restraint moment value 
as a function of the cracking moment in the diaphragm are also calculated for allowing the 
designer to choose between cracking of the diaphragm and cracking of the girder. It has to be 
noted that, no prestressing has been assumed for diaphragm in all the cases in this study. Thus 
the calculated cracking moment in the diaphragm is a result of the modulus of rupture term in the 
above equation. 
Therefore, ages at continuity for corresponding girder age of 20000 days and 7500 days 
for an allowable positive restraint moment value equal to 0, 0.05, 0.10, 0.25, and 0.50 of the 
cracking moment value of the diaphragm are calculated similar to the cases with cracking 
moment in the girder. These values are shown in Table 5.5 and Table 5.6. 
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Table 5.3 - Age at Continuity Values for Girder Cracking Moment in 2-Span Bridge Cases 
Case 
Age of Continuity value for bridge 
age up to 20000 days 
Age of Continuity value for bridge 
age up to 7500 days 
0.0 0.05 0.1 0.25 0.5 0.0 0.05 0.1 0.25 0.5 
2S-1R-1D 83 82 80 75 66 81 79 78 72 64 
2S-0.75R-1D 99 96 93 87 78 94 91 89 84 76 
2S-0.5R-1D 111 108 104 93 83 106 102 99 89 80 
2S-1R-0.5D 83 82 80 75 66 81 79 77 72 63 
2S-0.75R-0.5D 99 96 93 86 78 95 91 89 84 75 
2S-0.5R-0.5D 112 109 105 94 82 107 103 100 89 79 
2S-1R-0.25D 83 81 80 74 64 81 79 77 71 62 
2S-0.75R-0.25D 100 97 93 86 77 95 92 89 84 74 
2S-0.5R-0.25D 115 110 106 94 81 109 105 101 89 78 
2S-1R-0.125D 83 81 79 72 61 81 79 77 70 59 
2S-0.75R-0.125D 102 98 94 86 75 97 93 89 83 72 
2S-0.5R-0.125D 119 114 109 94 79 113 108 103 89 76 
2S-1R-0.05D 83 80 77 68 55 81 78 75 66 54 
2S-0.75R-0.05D 106 101 95 83 68 101 96 90 81 65 
2S-0.5R-0.05D 132 124 116 92 71 126 118 110 88 68 






Table 5.4 - Age at Continuity Values for Girder Cracking Moment in 3-Span Bridge Cases 
Case 
Age of Continuity value for bridge 
age up to 20000 days 
Age of Continuity value for bridge 
age up to 7500 days 
0.0 0.05 0.1 0.25 0.5 0.0 0.05 0.1 0.25 0.5 
3S-1R-1D 107 102 97 86 70 101 96 91 82 66 
3S-1.5R-1D 106 103 99 88 72 102 98 94 84 69 
3S-2R-1D 135 129 124 108 83 129 123 118 102 79 
3S-1R-0.5D 107 102 97 85 69 101 96 91 81 65 
3S-1.5R-0.5D 107 103 99 87 71 102 98 94 84 68 
3S-2R-0.5D 136 130 124 107 83 130 124 118 102 78 
3S-1R-0.25D 107 102 96 84 67 101 95 90 80 63 
3S-1.5R-0.25D 108 103 99 87 70 103 99 94 83 66 
3S-2R-0.25D 137 131 125 106 80 131 125 119 100 76 
3S-1R-0.125D 107 101 95 82 63 101 95 89 78 59 
3S-1.5R-0.125D 109 104 99 85 66 104 99 94 82 62 
3S-2R-0.125D 141 133 126 105 77 134 127 120 99 73 
3S-1R-0.05D 106 98 91 75 54 100 93 87 71 52 
3S-1.5R-0.05D 114 107 100 81 56 109 102 95 77 54 
3S-2R-0.05D 151 140 130 100 63 144 134 124 93 59 








































































































































































































































































Mean = 97 days

































































































































































































































































Mean = 93 days

































































































































































































































































Mean = 90 days
Mean = 101 days
 
(c) 




















































































































































































































































Mean = 86 days



































































































































































































































































































































































































































































































































Mr,all = 0.0 Mean = 118 days

































































































































































































































































Mean = 97 days
































































































































































































































































Mean = 94 days
Mean = 107 daysMr,all = 0.1*Mcr
 
(c) 

































































































































































































































































Mean = 84 days





































































































































































































































































Table 5.5 - Age at Continuity Values for Diaphragm Cracking Moment in 2-Span Bridge Cases 
Case 
Age of Continuity value for bridge 
age up to 20000 days 
Age of Continuity value for bridge 
age up to 7500 days 
0.0 0.05 0.1 0.25 0.5 0.0 0.05 0.1 0.25 0.5 
2S-1R-1D 83 83 82 79 75 81 80 79 77 72 
2S-0.75R-1D 99 97 96 92 87 94 93 91 88 84 
2S-0.5R-1D 111 109 107 102 92 106 104 102 97 89 
2S-1R-0.5D 83 83 82 79 74 81 80 79 77 72 
2S-0.75R-0.5D 99 98 96 92 87 95 93 92 88 84 
2S-0.5R-0.5D 112 110 108 102 93 107 105 103 97 89 
2S-1R-0.25D 83 82 81 79 74 81 80 79 76 71 
2S-0.75R-0.25D 100 99 97 92 86 95 94 92 88 84 
2S-0.5R-0.25D 115 112 110 104 93 109 107 105 98 89 
2S-1R-0.125D 83 82 81 78 72 81 80 79 75 70 
2S-0.75R-0.125D 102 100 98 92 86 97 95 93 89 83 
2S-0.5R-0.125D 119 116 114 106 93 113 111 108 100 88 
2S-1R-0.05D 83 82 80 76 68 81 80 78 73 66 
2S-0.75R-0.05D 106 104 101 92 84 101 99 96 89 81 
2S-0.5R-0.05D 132 128 123 111 90 126 122 117 105 87 






Table 5.6 - Age at Continuity Values for Diaphragm Cracking Moment in 3-Span Bridge Cases 
Case 
Age of Continuity value for bridge 
age up to 20000 days 
Age of Continuity value for bridge 
age up to 7500 days 
0.0 0.05 0.1 0.25 0.5 0.0 0.05 0.1 0.25 0.5 
3S-1R-1D 107 104 102 95 85 101 98 96 89 81 
3S-1.5R-1D 106 104 102 96 86 102 100 98 91 82 
3S-2R-1D 135 132 129 121 108 129 126 123 116 102 
3S-1R-0.5D 107 104 102 94 85 101 98 96 89 81 
3S-1.5R-0.5D 107 105 102 96 86 102 100 98 91 82 
3S-2R-0.5D 136 133 130 122 108 130 127 124 116 102 
3S-1R-0.25D 107 104 101 93 84 101 98 95 88 80 
3S-1.5R-0.25D 108 105 103 96 85 103 101 98 91 81 
3S-2R-0.25D 137 134 131 122 107 131 128 125 116 101 
3S-1R-0.125D 107 104 101 92 81 101 98 95 87 77 
3S-1.5R-0.125D 109 106 104 95 84 104 101 99 90 80 
3S-2R-0.125D 141 137 134 123 106 134 131 127 117 100 
3S-1R-0.05D 106 102 98 88 74 100 96 92 84 70 
3S-1.5R-0.05D 114 110 106 94 78 109 105 101 89 74 
3S-2R-0.05D 151 146 141 126 101 144 139 134 119 94 







5.6 Structural Benefits of Continuity 
Some of the advantages of continuous bridges include elimination of expansion joints, 
improved riding comfort, reduction in structural depth, and increased span-to-depth ratio. In spite 
of these advantages caused by establishing continuity, the continuous structure is effective only 
for superimposed dead load and live load that act on the structure. Thus, it is necessary to 
quantify the benefits from continuity in the structure for the loads that act on the continuous 
structure in order to be able to assess the feasibility of building continuous prestressed bridges. 
The parametric study discussed earlier is used for the purpose of quantifying the 
structural benefits from continuity. The superimposed dead load and live load moments that act 
on the structure for all 120 cases are obtained using two programs, namely mRESTRAINT and 
QConBridge. While mRESTRAINT is a modification of RESTRAINT program as a part of this 
research, QConBridge (WSDOT ) is a live load analysis program for continuous bridge. 
QConBridge developed by Washington State Department of Transportation for use in their 
Alternate Route Project performs live load analysis for the AASHTO LRFD Bridge Design 
Specification HL93 live load models. The software accommodates standard and user defined 
component (DC) and wearing (DW) dead loads, and performs Strength I, Service I, Service III, 
and Fatigue limit state combinations. 
QConBridge calculates live load moments per lane which had to be multiplied by live 
load moment distribution factors (DFM) which were calculated using following equations (Ref. 
AASHTO): 





























DFM – distribution factor for moment for interior beam/girder 
S – beam/girder spacing, ft 
L – beam/girder span, ft 
ts – depth of concrete lab, in. 





n – modular ratio between girder and slab materials = Ec,girder/Ec,slab 
A – cross-sectional area of non-composite section, in
2
. 
I – moment of inertia of non-composite section, in
4
. 
eg – distance between the centers of gravity of the beam and slab, in. 
 
The controlling value among the two factors is used in calculating factored live load 
moments. 
After acquiring the live load and dead load moments for all cases with and without 
continuity, STRENGTH I and SERVICE III combinations have been used to study the structural 
benefits. These combinations were selected because STRENGTH I is a basic load combination 
relating to the normal vehicular use of the bridge without wind effects and SERVICE III is a load 
combination relating only to tension in prestressed concrete superstructures with the objective of 
crack control. 
For continuity cases the live load moments corresponding to the span that controls the 
restraint moment for that case were considered. The critical section for moment was taken at 
mid-span for simply-supported cases and at 0.45L from the end support for continuous cases. 
This is due to the fact that the maximum moment in the span shifts closer to the end support in 
exterior spans because of the negative moment. The load factors corresponding to the load 
combinations are given in Table 5.7. AASHTO provisions provide two 
Creep/Shrinkage/Temperature factors, where the larger of the two values provided in the table 
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shall be used for deformation and the smaller values for all other effects. Thus, since the purpose 
of this study is to assess moment values, factors equal to 0.50 and 1.00 were used for 
STRENGTH I and SERVICE III, respectively. 
Table 5.7 - Load Combinations and Load Factors 
Load Combination 
Limit State 
Dead Load (DC) Live Load (LL) Creep/Shrinkage/Temperature 
STRENGTH I 1.25 1.75 0.50/1.20 
SERVICE III 1.00 0.80 1.00/1.20 
 
The moment for each load combination is then obtained by summing the moments caused 
by all effects factoring them. The resulting factored moment is often referred to as ultimate 
moment, Mu. Thus, Mu without continuity is a sum of dead load and live load moments as shown 
in Figure 5.15 while Mu with continuity is a sum of dead load, live load, and restraint moments 
as can be seen in Figure 5.16. 
Although temperature effects need to be included in calculating restraint moments along 
with creep and shrinkage as shown in the Figure 5.16, it has to be noted here that temperature 
effects were not included in any of the calculated restraint moment in the current study. 
Mu is then calculated for all 120 cases with and without continuity after 7500 days and 
20000 days of girder age separately for each load combination. The results are given in Table 5.8 
through Table 5.19 and are named as xS-yD-zC wherein x represents the number of spans in the 
bridge, y represents the diaphragm to span stiffness ratio, and z represents the age of girder when 
continuity was established and each table presents a specific span length ratio. For example, 2S-
0.5D-90C represents a 2-span bridge with diaphragm to span stiffness ratio equal to 0.5 and age 
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Figure 5.16(b) - Total Moments for Continuous Construction with Positive Continuity Moment 
 
The moment values for 2S-0.5D-90C case in Table 5.8 are calculated as follows. The 
dead load moment and live load moment after moment distribution without continuity are 
357.0K-ft and 1215.9K-ft, respectively. Using load factors from Table 5.7, 357.0K-ft is 
multiplied with 1.00 and 1215.9K-ft is multiplied by 0.80 for SERVICE III combination. These 
values are added for SERVICE III 
Simple
LuM 5.0,  value equal to 1329.7K-ft. Similarly, 357.0K-ft is 
multiplied with 1.25 and 1215.9K-ft is multiplied by 1.75 for STRENGTH I combination 
resulting in 
Simple
LuM 5.0,  value equal to 2574.0K-ft. 
Similarly, dead load moment and live load moment after moment distribution with 
continuity were calculated to be 353.4K-ft and 963.6K-ft, respectively. The maximum restraint 
moment value of -120.3K-ft at the support results in a -54.1K-ft moment at 0.45 from the end 
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support. Using load factors from Table 5.7, 353.4K-ft is multiplied with 1.00, 963.6 is multiplied 
by 0.80, and -54.1K-ft is multiplied by 1.00 for SERVICE III combination. These values are 
added for SERVICE III 
Continuous
LuM 45.0,  value which is 1070.1K-ft. Similarly, the results for 
STRENGTH I limit state is obtained by multiplying 353.4K-ft by 1.25, 963.6 by 1.75, and -
54.1K-ft by 0.50, which results in STRENGTH I 
Continuous
LuM 45.0,  value which is 2101.0K-ft. 
By comparing the ultimate moments obtained from both cases (with and without 
continuity), one can assess the benefit of introducing continuity. If the ratio of 
Continuous
LuM 45.0,  to 
Simple
LuM 5.0,  is less than 1.0, it can be said that continuity has structural benefits since it reduced the 
design moment. Conversely, ratios greater than 1.0 indicate no structural benefits. 
Table 5.8 through Table 5.10 show benefits for 2-span bridge cases at 7500 days of girder 
age, Table 5.11 through Table 5.13 show benefits for 2-span bridge cases at 20000 days of girder 
age, Table 5.14 through Table 5.16 shows benefits for 3-span bridge cases at 7500 days of girder 
age and Table 5.17 through Table 5.19 shows benefits for 3-span bridge cases at 20000 days of 
girder age. Each table is presented as a function of span-length ratio parameter. 
It can be observed from given numbers that, higher ratio of 
Continuous
LuM 45.0, to 
S imp le
LuM 5.0,  
values are a result of early age of continuity and smaller ratio of diaphragm values irrespective of 
number of spans and their span-length ratio for both 7500 days and 20000 days. However, the 
magnitude of structural benefits as a function of this ratio differs for each case and load 
combination. For example, the structural benefits are clearly visible for all 2-span and 3-span 
cases with continuity established at 180 days. Conversely, all 2-span and 3-span cases with 
continuity established at 28 days showed the continuity does not offer any benefits. Also for 
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cases with age of continuity at 90 days the structural has moderate benefits and cases with age of 
continuity at 60 days the structure does not offer any additional benefits. 
 
Table 5.8 – Structural Benefits Comparison for 2-span cases with 1:1 span-length ratio after 7500 days 
Case 
Simple
LuM 5.0,   
Continuous





















2S-1D-180C 1329.7 2574.0 753.4 1942.7 0.56663 0.75472 
2S-1D-90C 1329.7 2574.0 1067.9 2099.9 0.80311 0.81580 
2S-1D-60C 1329.7 2574.0 1256.9 2194.4 0.94527 0.85251 
2S-1D-28C 1329.7 2574.0 1566.1 2349.0 1.17783 0.91258 
2S-0.5D-180C 1329.7 2574.0 768.1 1950.0 0.57767 0.75757 
2S-0.5D-90C 1329.7 2574.0 1070.1 2101.0 0.80481 0.81624 
2S-0.5D-60C 1329.7 2574.0 1251.7 2191.8 0.94135 0.85150 
2S-0.5D-28C 1329.7 2574.0 1548.7 2340.3 1.16470 0.90919 
2S-0.25D-180C 1329.7 2574.0 794.2 1963.1 0.59732 0.76264 
2S-0.25D-90C 1329.7 2574.0 1074.2 2103.0 0.80784 0.81702 
2S-0.25D-60C 1329.7 2574.0 1242.4 2187.1 0.93438 0.84970 
2S-0.25D-28C 1329.7 2574.0 1517.6 2324.7 1.14133 0.90315 
2S-0.125D-180C 1329.7 2574.0 836.5 1984.2 0.62907 0.77084 
2S-0.125D-90C 1329.7 2574.0 1080.7 2106.3 0.81272 0.81828 
2S-0.125D-60C 1329.7 2574.0 1227.4 2179.6 0.92309 0.84678 
2S-0.125D-28C 1329.7 2574.0 1467.4 2299.6 1.10354 0.89339 
2S-0.05D-180C 1329.7 2574.0 916.3 2024.1 0.68911 0.78635 
2S-0.05D-90C 1329.7 2574.0 1092.9 2112.4 0.82191 0.82065 
2S-0.05D-60C 1329.7 2574.0 1199.0 2165.4 0.90168 0.84126 




Table 5.9 - Structural Benefits Comparison for 2-span cases with 0.75:1 span-length ratio after 7500 days 
Case 
Simple
LuM 5.0,   
Continuous





















2S-1D-180C 1224.1 2380.2 745.0 1866.4 0.60859 0.78411 
2S-1D-90C 1224.1 2380.2 1075.2 2031.5 0.87837 0.85348 
2S-1D-60C 1224.1 2380.2 1279.0 2133.4 1.04481 0.89628 
2S-1D-28C 1224.1 2380.2 1619.0 2303.4 1.32263 0.96772 
2S-0.5D-180C 1224.1 2380.2 759.5 1873.6 0.62045 0.78716 
2S-0.5D-90C 1224.1 2380.2 1076.1 2031.9 0.87910 0.85367 
2S-0.5D-60C 1224.1 2380.2 1271.6 2129.7 1.03877 0.89473 
2S-0.5D-28C 1224.1 2380.2 1597.9 2292.8 1.30534 0.96327 
2S-0.25D-180C 1224.1 2380.2 785.3 1886.5 0.64155 0.79259 
2S-0.25D-90C 1224.1 2380.2 1077.6 2032.7 0.88032 0.85398 
2S-0.25D-60C 1224.1 2380.2 1258.3 2123.0 1.02789 0.89193 
2S-0.25D-28C 1224.1 2380.2 1560.0 2273.9 1.27437 0.95531 
2S-0.125D-180C 1224.1 2380.2 826.9 1907.3 0.67554 0.80133 
2S-0.125D-90C 1224.1 2380.2 1079.7 2033.7 0.88203 0.85442 
2S-0.125D-60C 1224.1 2380.2 1236.3 2112.0 1.00996 0.88732 
2S-0.125D-28C 1224.1 2380.2 1498.1 2242.9 1.22382 0.94231 
2S-0.05D-180C 1224.1 2380.2 904.2 1946.0 0.73869 0.81757 
2S-0.05D-90C 1224.1 2380.2 1082.2 2035.0 0.88404 0.85494 
2S-0.05D-60C 1224.1 2380.2 1193.1 2090.4 0.97645 0.87824 







Table 5.10 - Structural Benefits Comparison for 2-span cases with 0.50:1 span-length ratio after 7500 days 
Case 
Simple
LuM 5.0,   
Continuous





















2S-1D-180C 940.2 1815.9 475.4 1425.1 0.50560 0.78478 
2S-1D-90C 940.2 1815.9 924.5 1649.7 0.98326 0.90843 
2S-1D-60C 940.2 1815.9 1213.9 1794.4 1.29105 0.98811 
2S-1D-28C 940.2 1815.9 1703.5 2039.2 1.81186 1.12294 
2S-0.5D-180C 940.2 1815.9 500.1 1437.5 0.53185 0.79157 
2S-0.5D-90C 940.2 1815.9 925.4 1650.1 0.98429 0.90870 
2S-0.5D-60C 940.2 1815.9 1200.0 1787.4 1.27626 0.98428 
2S-0.5D-28C 940.2 1815.9 1664.8 2019.8 1.77061 1.11226 
2S-0.25D-180C 940.2 1815.9 542.9 1458.9 0.57740 0.80336 
2S-0.25D-90C 940.2 1815.9 926.9 1650.9 0.98579 0.90909 
2S-0.25D-60C 940.2 1815.9 1175.3 1775.1 1.25005 0.97750 
2S-0.25D-28C 940.2 1815.9 1596.6 1985.7 1.69809 1.09349 
2S-0.125D-180C 940.2 1815.9 609.0 1491.9 0.64777 0.82158 
2S-0.125D-90C 940.2 1815.9 928.1 1651.5 0.98714 0.90944 
2S-0.125D-60C 940.2 1815.9 1135.7 1755.3 1.20794 0.96660 
2S-0.125D-28C 940.2 1815.9 1488.7 1931.8 1.58331 1.06377 
2S-0.05D-180C 940.2 1815.9 721.7 1548.3 0.76763 0.85261 
2S-0.05D-90C 940.2 1815.9 926.1 1650.5 0.98496 090887 
2S-0.05D-60C 940.2 1815.9 1061.1 1718.0 1.12858 0.94605 






Table 5.11 - Structural Benefits Comparison for 2-span cases with 1:1 span-length ratio after 20000 days 
Case 
Simple
LuM 5.0,   
Continuous





















2S-1D-180C 1329.7 2574.0 767.9 1949.9 0.57747 0.75751 
2S-1D-90C 1329.7 2574.0 1082.7 2107.3 0.81426 0.81867 
2S-1D-60C 1329.7 2574.0 1271.8 2201.8 0.95648 0.85541 
2S-1D-28C 1329.7 2574.0 1581.2 2356.6 1.18918 0.91551 
2S-0.5D-180C 1329.7 2574.0 782.0 1956.9 0.58808 0.760253 
2S-0.5D-90C 1329.7 2574.0 1084.4 2108.1 0.81552 0.81900 
2S-0.5D-60C 1329.7 2574.0 1266.0 2198.9 0.95212 0.85428 
2S-0.5D-28C 1329.7 2574.0 1563.2 2347.5 1.17560 0.91201 
2S-0.25D-180C 1329.7 2574.0 807.1 1969.5 0.60697 0.76514 
2S-0.25D-90C 1329.7 2574.0 1087.4 2109.6 0.81777 0.81958 
2S-0.25D-60C 1329.7 2574.0 1255.7 2193.8 0.94436 0.85228 
2S-0.25D-28C 1329.7 2574.0 1531.0 2331.5 1.15143 0.90576 
2S-0.125D-180C 1329.7 2574.0 847.7 1989.8 0.63750 0.77302 
2S-0.125D-90C 1329.7 2574.0 1092.2 2112.0 0.82139 0.82052 
2S-0.125D-60C 1329.7 2574.0 1239.0 2185.4 0.93180 0.84903 
2S-0.125D-28C 1329.7 2574.0 1479.1 2305.5 1.11234 0.89567 
2S-0.05D-180C 1329.7 2574.0 924.4 2028.1 0.69522 0.78793 
2S-0.05D-90C 1329.7 2574.0 1101.2 2116.5 0.82818 0.82227 
2S-0.05D-60C 1329.7 2574.0 1207.3 2169.6 0.90799 0.84288 






Table 5.12 - Structural Benefits Comparison for 2-span cases with 0.75:1 span-length ratio after 20000 days 
Case 
Simple
LuM 5.0,   
Continuous





















2S-1D-180C 1224.1 2380.2 762.2 1875.0 0.62264 0.79772 
2S-1D-90C 1224.1 2380.2 1092.9 2040.3 0.89277 0.85718 
2S-1D-60C 1224.1 2380.2 1296.7 2142.2 1.05929 0.90000 
2S-1D-28C 1224.1 2380.2 1637.0 2312.4 1.33729 0.97149 
2S-0.5D-180C 1224.1 2380.2 776.0 1881.9 0.63397 0.79064 
2S-0.5D-90C 1224.1 2380.2 1093.1 2040.4 0.89294 0.85723 
2S-0.5D-60C 1224.1 2380.2 1288.6 2138.2 1.05269 0.89831 
2S-0.5D-28C 1224.1 2380.2 1615.1 2301.4 1.31943 0.96690 
2S-0.25D-180C 1224.1 2380.2 800.7 1894.2 0.65411 0.79582 
2S-0.25D-90C 1224.1 2380.2 1093.3 2040.6 0.89317 0.85729 
2S-0.25D-60C 1224.1 2380.2 1274.1 2130.9 1.04081 0.89525 
2S-0.25D-28C 1224.1 2380.2 1576.0 2281.9 1.28744 0.95867 
2S-0.125D-180C 1224.1 2380.2 840.4 1914.1 0.68653 0.80415 
2S-0.125D-90C 1224.1 2380.2 1093.5 2040.6 0.89326 0.85731 
2S-0.125D-60C 1224.1 2380.2 1250.1 2118.9 1.02124 0.89022 
2S-0.125D-28C 1224.1 2380.2 1512.0 2249.9 1.23522 0.94524 
2S-0.05D-180C 1224.1 2380.2 914.0 1950.9 0.74667 0.81962 
2S-0.05D-90C 1224.1 2380.2 1092.1 2039.9 0.89216 0.85703 
2S-0.05D-60C 1224.1 2380.2 1203.1 2095.4 0.98280 0.88034 







Table 5.13 - Structural Benefits Comparison for 2-span cases with 0.50:1 span-length ratio after 20000 days 
Case 
Simple
LuM 5.0,   
Continuous





















2S-1D-180C 940.2 1815.9 501.6 1438.2 0.53350 0.79200 
2S-1D-90C 940.2 1815.9 951.0 1662.9 1.01142 0.91572 
2S-1D-60C 940.2 1815.9 1240.5 1807.7 1.31933 0.99543 
2S-1D-28C 940.2 1815.9 1730.4 2052.6 1.84038 1.13032 
2S-0.5D-180C 940.2 1815.9 525.0 1449.9 0.55843 0.79845 
2S-0.5D-90C 940.2 1815.9 950.7 1662.8 1.01113 0.91565 
2S-0.5D-60C 940.2 1815.9 1225.3 1800.1 1.30321 0.99126 
2S-0.5D-28C 940.2 1815.9 1690.3 2032.6 1.79778 1.11929 
2S-0.25D-180C 940.2 1815.9 565.7 1470.3 0.60172 0.80966 
2S-0.25D-90C 940.2 1815.9 949.9 1662.4 1.01031 0.91544 
2S-0.25D-60C 940.2 1815.9 1198.5 1786.7 1.27467 0.98387 
2S-0.25D-28C 940.2 1815.9 1619.9 1997.4 1.72290 1.09991 
2S-0.125D-180C 940.2 1815.9 628.5 1501.7 0.66849 0.82694 
2S-0.125D-90C 940.2 1815.9 947.8 1661.3 1.00801 0.91484 
2S-0.125D-60C 940.2 1815.9 1155.4 1765.1 1.22888 0.97202 
2S-0.125D-28C 940.2 1815.9 1508.5 1941.7 1.60438 1.06923 
2S-0.05D-180C 940.2 1815.9 744.1 1559.5 0.79142 0.85877 
2S-0.05D-90C 940.2 1815.9 939.5 1657.2 0.99921 0.91256 
2S-0.05D-60C 940.2 1815.9 1074.5 1724.7 1.14286 0.94975 







Table 5.14 – Structural Benefits Comparison for 3-span cases with 1:1:1 span-length ratio after 7500 days 
Case 
Simple
LuM 5.0,   
Continuous





















3S-1D-180C 1329.7 2574.0 947.3 2038.6 0.71241 0.79200 
3S-1D-90C 1329.7 2574.0 1148.0 2139.0 0.86338 0.83099 
3S-1D-60C 1329.7 2574.0 1254.0 2192.0 0.94305 0.85157 
3S-1D-28C 1329.7 2574.0 1481.1 2305.5 1.11385 0.89568 
3S-0.5D-180C 1329.7 2574.0 952.8 2041.4 0.71654 0.79306 
3S-0.5D-90C 1329.7 2574.0 1147.2 2138.6 0.86274 0.83082 
3S-0.5D-60C 1329.7 2574.0 1249.4 2189.7 0.93960 0.85068 
3S-0.5D-28C 1329.7 2574.0 1468.4 2299.2 1.10431 0.89322 
3S-0.25D-180C 1329.7 2574.0 962.8 2046.4 0.72405 0.79500 
3S-0.25D-90C 1329.7 2574.0 1145.6 2137.8 0.86159 0.83053 
3S-0.25D-60C 1329.7 2574.0 1241.1 2185.5 0.93337 0.84907 
3S-0.25D-28C 1329.7 2574.0 1445.4 2287.7 1.08705 0.88876 
3S-0.125D-180C 1329.7 2574.0 979.5 2054.7 0.73661 0.79825 
3S-0.125D-90C 1329.7 2574.0 1143.1 2136.5 0.85969 0.83004 
3S-0.125D-60C 1329.7 2574.0 1227.3 2178.6 0.92298 0.84638 
3S-0.125D-28C 1329.7 2574.0 1407.4 2268.7 1.05845 0.88137 
3S-0.05D-180C 1329.7 2574.0 1013.1 2071.5 0.76192 0.80478 
3S-0.05D-90C 1329.7 2574.0 1138.1 2134.0 0.85594 0.82907 
3S-0.05D-60C 1329.7 2574.0 1200.0 2165.0 0.90247 0.84109 







Table 5.15 - Structural Benefits Comparison for 3-span cases with 1:1.5:1 span-length ratio after 7500 days 
Case 
Simple
LuM 5.0,   
Continuous





















3S-1D-180C 1287.6 2446.3 794.4 1941.1 0.61695 0.79349 
3S-1D-90C 1287.6 2446.3 1183.4 2135.7 0.91913 0.87302 
3S-1D-60C 1287.6 2446.3 1351.2 2219.6 1.04942 0.90731 
3S-1D-28C 1287.6 2446.3 1668.9 2378.4 1.29613 0.97223 
3S-0.5D-180C 1287.6 2446.3 801.3 1944.6 0.62234 0.79491 
3S-0.5D-90C 1287.6 2446.3 1183.3 2135.6 0.91902 0.87299 
3S-0.5D-60C 1287.6 2446.3 1344.7 2216.3 1.04439 0.90598 
3S-0.5D-28C 1287.6 2446.3 1650.4 2369.1 1.28177 0.96845 
3S-0.25D-180C 1287.6 2446.3 828.9 1958.4 0.64380 0.80056 
3S-0.25D-90C 1287.6 2446.3 1183.0 2135.4 0.91878 0.87292 
3S-0.25D-60C 1287.6 2446.3 1333.0 2210.4 1.03527 0.90358 
3S-0.25D-28C 1287.6 2446.3 1609.0 2348.4 1.24962 0.95999 
3S-0.125D-180C 1287.6 2446.3 874.2 1981.0 0.67892 0.80980 
3S-0.125D-90C 1287.6 2446.3 1180.6 2134.3 0.91696 0.87245 
3S-0.125D-60C 1287.6 2446.3 1313.3 2200.6 1.01999 0.89956 
3S-0.125D-28C 1287.6 2446.3 1554.8 2321.3 1.20754 0.94891 
3S-0.05D-180C 1287.6 2446.3 960.6 2024.2 0.74602 0.82746 
3S-0.05D-90C 1287.6 2446.3 1177.4 2132.7 0.91445 0.87178 
3S-0.05D-60C 1287.6 2446.3 1269.5 2178.7 0.98599 0.89061 







Table 5.16 - Structural Benefits Comparison for 3-span cases with 1:2:1 span-length ratio after 7500 days 
Case 
Simple
LuM 5.0,   
Continuous





















3S-1D-180C 1367.9 2547.2 953.3 2120.9 0.69693 0.83264 
3S-1D-90C 1367.9 2547.2 1448.6 2368.5 1.05896 0.92985 
3S-1D-60C 1367.9 2547.2 1684.5 2486.4 1.23140 0.97615 
3S-1D-28C 1367.9 2547.2 2089.1 2688.7 1.52718 1.05557 
3S-0.5D-180C 1367.9 2547.2 969.1 2128.8 0.70848 0.83574 
3S-0.5D-90C 1367.9 2547.2 1444.8 2366.6 1.05623 0.92911 
3S-0.5D-60C 1367.9 2547.2 1671.9 2480.1 1.22223 0.97369 
3S-0.5D-28C 1367.9 2547.2 2057.9 2673.1 1.50438 1.04945 
3S-0.25D-180C 1367.9 2547.2 997.4 2142.9 0.72917 0.84129 
3S-0.25D-90C 1367.9 2547.2 1433.8 2361.1 1.04814 0.92694 
3S-0.25D-60C 1367.9 2547.2 1649.1 2468.7 1.20558 0.96922 
3S-0.25D-28C 1367.9 2547.2 2005.1 2646.7 1.46579 1.03909 
3S-0.125D-180C 1367.9 2547.2 1043.5 2165.9 0.76282 0.85033 
3S-0.125D-90C 1367.9 2547.2 1422.3 2355.3 1.03978 0.92470 
3S-0.125D-60C 1367.9 2547.2 1610.9 2449.6 1.17765 0.96172 
3S-0.125D-28C 1367.9 2547.2 1918.9 2603.6 1.40280 1.02217 
3S-0.05D-180C 1367.9 2547.2 1130.2 2209.3 0.82622 0.86735 
3S-0.05D-90C 1367.9 2547.2 1392.8 2340.6 1.01817 0.91889 
3S-0.05D-60C 1367.9 2547.2 1526.2 2407.3 1.11574 0.94509 







Table 5.17 - Structural Benefits Comparison for 3-span cases with 1:1:1 span-length ratio after 20000 days 
Case 
Simple
LuM 5.0,   
Continuous





















3S-1D-180C 1329.7 2574.0 957.0 2043.5 0.71969 0.79388 
3S-1D-90C 1329.7 2574.0 1162.2 2146.1 0.87404 0.83374 
3S-1D-60C 1329.7 2574.0 1268.3 2199.1 0.95381 0.85435 
3S-1D-28C 1329.7 2574.0 1495.5 2312.7 1.12472 0.89849 
3S-0.5D-180C 1329.7 2574.0 962.2 2046.1 0.72361 0.79489 
3S-0.5D-90C 1329.7 2574.0 1160.9 2145.4 0.87306 0.83349 
3S-0.5D-60C 1329.7 2574.0 1263.1 2196.5 0.94995 0.85335 
3S-0.5D-28C 1329.7 2574.0 1482.3 2306.1 1.11477 0.89592 
3S-0.25D-180C 1329.7 2574.0 971.6 2050.8 0.73072 0.79672 
3S-0.25D-90C 1329.7 2574.0 1158.5 2144.2 0.87123 0.83302 
3S-0.25D-60C 1329.7 2574.0 1253.9 2191.9 0.94301 0.85156 
3S-0.25D-28C 1329.7 2574.0 1458.4 2294.2 1.09683 0.89129 
3S-0.125D-180C 1329.7 2574.0 987.4 2058.7 0.74256 0.79978 
3S-0.125D-90C 1329.7 2574.0 1154.4 2142.2 0.86819 0.83223 
3S-0.125D-60C 1329.7 2574.0 1238.6 2184.3 0.93151 0.84859 
3S-0.125D-28C 1329.7 2574.0 1418.9 2274.4 1.06708 0.88360 
3S-0.05D-180C 1329.7 2574.0 1019.2 2074.6 0.76649 0.80596 
3S-0.05D-90C 1329.7 2574.0 1146.5 2138.2 0.86220 0.83068 
3S-0.05D-60C 1329.7 2574.0 1208.4 2169.2 0.90877 0.84271 







Table 5.18 - Structural Benefits Comparison for 3-span cases with 1:1.5:1 span-length ratio after 20000 days 
Case 
Simple
LuM 5.0,   
Continuous





















3S-1D-180C 1287.6 2446.3 807.7 1947.8 0.62733 0.79623 
3S-1D-90C 1287.6 2446.3 1204.6 2146.2 0.93556 0.87734 
3S-1D-60C 1287.6 2446.3 1372.4 2230.2 1.06592 0.91165 
3S-1D-28C 1287.6 2446.3 1690.2 2389.1 1.31273 0.97660 
3S-0.5D-180C 1287.6 2446.3 822.4 1955.1 0.63869 0.79922 
3S-0.5D-90C 1287.6 2446.3 1203.7 2145.8 0.93486 0.87716 
3S-0.5D-60C 1287.6 2446.3 1365.2 2226.5 1.06029 0.91017 
3S-0.5D-28C 1287.6 2446.3 1671.0 2379.4 1.29778 0.97266 
3S-0.25D-180C 1287.6 2446.3 848.6 1968.2 0.65907 0.80458 
3S-0.25D-90C 1287.6 2446.3 1202.0 2144.9 0.93353 0.87681 
3S-0.25D-60C 1287.6 2446.3 1352.1 2220.0 1.05009 0.90748 
3S-0.25D-28C 1287.6 2446.3 1628.2 2358.0 1.26454 0.96392 
3S-0.125D-180C 1287.6 2446.3 891.5 1989.7 0.69238 0.81334 
3S-0.125D-90C 1287.6 2446.3 1197.3 2142.6 0.92993 0.87586 
3S-0.125D-60C 1287.6 2446.3 1330.0 2209.0 1.03300 0.90298 
3S-0.125D-28C 1287.6 2446.3 1571.6 2329.8 1.22061 0.95235 
3S-0.05D-180C 1287.6 2446.3 973.2 2030.6 0.75588 0.83006 
3S-0.05D-90C 1287.6 2446.3 1189.6 2138.8 0.92392 0.87428 
3S-0.05D-60C 1287.6 2446.3 1281.8 2184.8 0.99550 0.89311 







Table 5.19 - Structural Benefits Comparison for 3-span cases with 1:2:1 span-length ratio after 20000 days 
Case 
Simple
LuM 5.0,   
Continuous





















3S-1D-180C 1367.9 2547.2 986.3 2137.3 0.72104 0.83911 
3S-1D-90C 1367.9 2547.2 1480.5 2384.4 1.08232 0.93612 
3S-1D-60C 1367.9 2547.2 1716.5 2502.5 1.25486 0.98245 
3S-1D-28C 1367.9 2547.2 2121.4 2704.9 1.55083 1.06192 
3S-0.5D-180C 1367.9 2547.2 1001.0 2144.7 0.73177 0.84199 
3S-0.5D-90C 1367.9 2547.2 1475.7 2382.0 1.07876 0.93517 
3S-0.5D-60C 1367.9 2547.2 1702.9 2495.6 1.24486 0.97977 
3S-0.5D-28C 1367.9 2547.2 2089.1 2688.7 1.52718 1.05557 
3S-0.25D-180C 1367.9 2547.2 1027.2 2157.8 0.75091 0.84713 
3S-0.25D-90C 1367.9 2547.2 1462.6 2375.5 1.06919 0.93260 
3S-0.25D-60C 1367.9 2547.2 1678.1 2483.2 1.22673 0.97490 
3S-0.25D-28C 1367.9 2547.2 2034.2 2661.3 1.48708 1.04481 
3S-0.125D-180C 1367.9 2547.2 1069.8 2179.1 0.78207 0.85550 
3S-0.125D-90C 1367.9 2547.2 1447.8 2368.1 1.05840 0.92970 
3S-0.125D-60C 1367.9 2547.2 1636.5 2462.4 1.19634 0.96674 
3S-0.125D-28C 1367.9 2547.2 1944.6 2616.5 1.42158 1.02722 
3S-0.05D-180C 1367.9 2547.2 1149.6 2219.0 0.84043 0.87117 
3S-0.05D-90C 1367.9 2547.2 1411.6 2350.0 1.03195 0.92260 
3S-0.05D-60C 1367.9 2547.2 1545.1 2416.8 1.12956 0.94880 






Likewise, the diaphragm stiffness ratio affects the structural benefits for cases with 
positive restraint moment i.e. for all cases with continuity established at 28 and 60 days and for 
some cases with age of continuity at 90 days. For all remaining cases with age of continuity at 90 
days and all cases with continuity established at 180 days, which have negative restraint moment, 
the diaphragm stiffness ratio inversely affects any structural benefits. 
It must be noted here that temperature effects are not included while calculating restraint 
moments that cause positive moment like creep of concrete. When included, higher estimates of 
positive restraint moments are expected, and increase in the magnitude of the ratio for all cases 
and combinations. Thus, all the above cases with ratios greater than 85% can be called as cases 
with no additional benefits to the structure because of continuity. 
5.7 Summary 
A detailed parametric study is carried out to study the parameters which affect the 
restraint moment in continuous bridges. A total of 120 bridge girders (cases) are studied to cover 
a wide range of variables (number of spans, span-length ratios, diaphragm stiffness ratios, and 
age of continuity) and the effect of these parameters in causing restraint moments. The purpose 
of the study is to investigate the affect of the age of continuity factor in detail and to determine 
the age of continuity for each bridge or bridge group, such that the restraint moment is smaller 
than an acceptable restraint moment value. The structural benefits from continuity for all the 
cases were also studied for SERVICE III and STRENGTH I limit states. 
Results from parametric study indicate that the restraint moment values are affected by 
girder age at continuity, span length ratio, and ratio of diaphragm to girder stiffness such that, 
early girder age at continuity yield more positive restraint moment values, the moment values 
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decrease proportionally with reduction in ratio of diaphragm stiffness value, and increase in 
asymmetry of span length ratio increases the restraint moment values. 
The study also indicate that, the average age of continuity values to sustain an acceptable 
restraint moment value after 20000 days for 2-span bridges vary from 101 to 72 days and 3-span 
bridges vary from 118 to 69 days as shown in Table 5.5. 
Structural benefits from continuity are affected by age of continuity and ratio of 
diaphragm stiffness factors irrespective of the number of spans and their span-length ratio for 


















6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Summary 
In this research restraint moment calculation methods available in the literature are 
discussed in detail with the goal of identifying their ability to predict the behavior of prestressed 
concrete continuous bridge girders. The newest method (RESTRAINT) which resulted from a 
recent NCHRP research project 12-53 (Miller et al. 2004) assumes either equal span lengths for 
all bridge spans or equal end spans for symmetry and also uses the same prestressing strand data 
for all spans irrespective of their span length. The effect of diaphragm length and stiffness are 
also not included in any of the methods. Restraint moments from this method as well as from 
other methods namely, PCA method (Freyermuth 1969) and RMCalc program (McDonagh and 
Hinkley 2003) were calculated for a simple 2-span continuous bridge to conclude that 
RESTRAINT is the most suitable model for further development to predict the restraint moment 
in prestressed concrete continuous bridge girders. 
mRESTRAINT is a modified version of the original RESTRAINT program that was 
developed to calculate restraint moments in precast/prestressed concrete continuous bridge 
girders up to 5-spans with and without consideration of the specifics of the diaphragm properties 
(dimensions, material properties, and cracking). mRESTRAINT additional features allow for 
custom girder dimensions, modified moment distribution table, and individual strand data for 
each span. A new approach for calculating restraint moment caused by creep due to prestress was 
necessary to allow the consideration of different span lengths. 
Restraint moments for a 242ft segment in Bridge #2 of John James Audubon Bridge 
Project were calculated using mRESTRAINT program to demonstrate the new capabilities of the 
program. Finally, a detailed parametric study is carried out to study the parameters which affect 
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the restraint moment in continuous bridges. A total of 120 bridge girders (cases) are studied to 
cover a wide range of variables (number of spans, span-length ratios, diaphragm stiffness ratios, 
and age of continuity) and the effect of these parameters in the development of restraint moments 
in continuous structures. Also the study is extended to study the effect of girder age at continuity 
factor in more depth, structural benefits from continuity, and to find a particular age of continuity 
based on the desired restraint moment value for a particular bridge configuration. Based on the 
results from this study, the following calculations can be drawn: 
6.2 Conclusions 
1. The magnitude of the restraint moment values is directly affected by the age of girder 
when continuity is established. For example, if the age of girder when continuity 
established is 180 days, the magnitude of final restraint moment value is negative. 
Similarly, if the age of girder at continuity established is 28 days then the magnitude of 
final restraint moment value is positive.  
2. Continuous girder bridges with unequal span lengths develop restraint moments larger 
than bridges with equal span lengths. Higher values were obtained for unequal span 
lengths as a result of the higher stiffness values of shorter span lengths. The larger the 
span-length difference, the larger the restraint moment. 
3. The effective moment of inertia of the diaphragm, which is a measure of the cracking 
condition, affects the restraint moment almost linearly. Furthermore, the results indicate 
that cracking of the continuity diaphragm releases restraint moments. 
4. The results reveal that a single girder age at continuity may not be appropriate for all 
bridge configurations. Therefore, the recommended 90-day girder age should be 
evaluated on a case by case basis. 
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5. The study also concludes that, the average age of continuity to sustain zero restraint 
moment for 2-span and 3-span bridges as 101 days and 118 days respectively. Similarly, 
age of continuity values to sustain 10% of the cracking moment as restraint moment is 
determined to be 94 days and 107 days for 2-span and 3-span bridges respectively. It 
should be noted that these values were determined considering the effect of creep and 
shrinkage only and that other long term effects (e.g. temperature gradient) were not 
considered. 
6. Structural benefits from continuity are affected by age of continuity and ratio of 
diaphragm stiffness factors, but the magnitude of these benefits differ for each load case 
and load combination. It is also observed that, higher ratio of 
Continuous
LuM 45.0,  to 
Simple
LuM 5.0,  
values are a result of early age of continuity and smaller ratio of diaphragm values. Since 
temperature effects are not included in calculating restraint moments all the structures 
with ratios greater than 85% does not offer any additional benefits because of continuity. 
6.3 Recommendations 
Though, time dependent factors creep and shrinkage are accounted for in the moment 
equations, the temperature effect is not considered in any of the methods covered in this study or 
in the presented results. Including the effect of temperature in restraint moment calculations is 
highly recommended as it helps in improving the accuracy with which the moments are 
calculated. Girder age at continuity should be assessed including temperature effects to ensure 
that, large restraint moments capable of causing cracking in the continuity diaphragm or girder 
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APPENDIX: MAJOR MODIFICATIONS TO RESTRAINT PROGRAM 
 
This appendix presents the major modifications by the research team of the RESTRAINT 
program. Screen captures of the input forms (windows) of the original, and the modified, 
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